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4. INTRODUCTION

The goal of the original three-year grant proposal was to gain insight into the roles of
mitochondrial energy metabolism and oxidative stress in the etiology of neuronal degeneration in
degenerative diseases, specifically Huntington’s disease (HD) and amyotrophic lateral sclerosis
(ALS). The results of these studies have previously been reported. In 2002 this proposal was
extended by the addition of a second project, entitled “Mitochondrial Free Radical Generation In
Parkinson’s Disease”, which is a constituent (Project III) of a Research Consortium made up of four
investigators. This project continues the theme of determining the interactions between energy
metabolism and oxidative stress in the etiology of neurodegenerative disorders. The aims are to
ascertain in vivo: 1) Whether inhibition of a component of the mitochondrial respiratory chain
(complex I), implicated in the pathogenesis of Parkinson’s disease (PD), induces pathogenesis via
free radical generation; and 2) Whether mitochondria are the initial source of these free radicals.
Findings may give insight into potential drug targets for PD. These questions are somewhat easier to
address by in vitro approaches (covered in other projects within the Consortium), given the extreme
technical difficulties of discretely measuring purely mitochondrial events in vivo. Therefore we are
taking an indirect approach, by measuring the time-course and nature of oxidative events caused by
toxic insults directed against discrete mitochondrial components. Results for the second year of this
consortium project are presented here. NB: In the course of this second year the post-doctoral fellow

conducting the bulk of these studies left the department. Since it took some time to recruit a

replacement, a no-cost extension of one year was requested, and granted, to complete these studies.

This report reflects Year 2 studies completed to date. Comprehensive results for all Year 2 studies

will be submitted at the end of the extension period.

5. BODY: SUMMARY OF RESEARCH PLAN, AND PROGRESS

A. Overview of Consortium Projects

The overall goals of this grant are to gain insight into the roles of mitochondrial energy metabolism
and oxidative stress in the etiology of neuronal damage and death in neurodegenerative disorders.
This study is Project I11 of a Consortium consisting of four projects (Project I, G. Fiskum PI, Grant
# 17-99-1-9483; Project II, T. Sick PI; and Project IV, I. Reynolds PI, Grant # 17-98-1-8628).
Projects comprising this consortium used different in vitro, ex vivo, and in vivo approaches to
elucidate the specific roles of mitochondria and reactive oxygen species (ROS) in the pathogenesis of

Parkinson’s disease (PD). Project III specifically addresses the contribution of mitochondrial
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complex I to ROS generation in vivo, by measuring oxidative damage markers in rat brain after

inhibiting activity of specific complex I subunits.

Parkinson’s Disease, Complex I, and ROS: Oxidative damage and mitochondrial dysfunction,
specifically reduced activity of NADH:ubiquinone oxidoreductase (complex I) of the electron

transport chain, are well characterized components of Parkinson’s disease (PD) etiology. In vivo

studies show that complex I inhibition in the brain, by MPTP/MPP" or rotenone for example, can

result in region-specific neuropathologic changes resembling PD. In vitro studies implicate
mitochondria as a major source of ROS mediating oxidative damage and pinpoint a number of the
>45 complex I subunits identified to date as candidate sites for ROS production.

An important step towards understanding the mechanism of region-specific cell damage in PD is
to determine in vivo whether there is a direct link between abnormal mitochondrial function and the
generation of ROS in the disease. We are approaching this question by manipulating the activities of
different mitochondrial complex I subunits, using intracerebral delivery of subunit-specific complex I
inhibitors in rats. Markers of ROS generation will then be examnied in post-mortem brain tissue, and
in vivo by microdialysis, and correlated with measures of complex I activity. We will test inhibitors
with different specificities for complex I subunits that are encoded both by mitochondrial (mt) DNA
(eg. the NDI subunit), or by nuclear (n) DNA (eg. the PSST subunit). We will thus determine if
selectively altering certain functional components of complex I affects either its activity, and/or ROS
generation. By limiting the intervention to a mitochondrial component, and by measuring ROS
production shortly after the mitochondrial insult, we will ascertain if generated ROS derive from
mitochondria rather than other cellular origins.

Complex I: Structure, Function and ROS Generation: NADH-ubiquinone oxido-reductase
(complex I) is the first and largest enzyme complex of the mitochondrial respiratory (or “electron
transport”) chain. The overall function of complex I is to transfer one pair of electrons from NADH
to flavin mono-nucleotide (FMN), and ultimately to ubiquinone (UQ), whilst simultaneously
pumping hydrogen ions out of the mitochondrial matrix into the inter-membrane space. Complex I
has a molecular mass of approximately 900-1000 kDa and comprises at least 45 subunits (Bourges et
al., 2004), 7 of which are encoded by mtDNA (NDI1-ND6, ND4L), and the remainder by nDNA.
Subunits are organised into an L-shape structure consisting of a hydrophobic membrane arm
embedded into the inner mitochondrial membrane (IMM), and a hydrophilic peripheral arm aligned
perpendicular to the IMM and directed into the mitochondrial matrix. The peripheral arm has two

fractions; a flavoprotein (FP) where electron transfer begins, and iron-sulphur (Fe-S) clusters (N)
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several of which act as redox groups that facilitate electron transfer. Binding sites for NADH and
FMN are found on the peripheral arm. The membrane arm is comprised of at least 24 nDNA-encoded
subunits, the 7 mtDNA subunits, and possibly two Fe-S clusters (Okun et al., 1999).

The electron carrier NADH enables entry of electrons into complex I. There are two well
defined binding sites for NADH in eukaryotes, the 51kDa and 39kDa subunits. It is believed the
39kDa subunit is required to maintain stability of the redox group “X” , facilitating electron transfer
(Schulte et al., 2001). Electron input occurs via the FMN prosthetic group and the Fe-S clusters
(Rasmussen et al., 2001). The ‘catalytic core’ of complex I is comprised of the PSST, TYKY,
NUOD, NDI1 and NDS5 subunits (Schuler et al., 2001). PSST is a 23-kDa subunit containing one
binding site for Fe-S cluster N2. It plays a vital role in electron transfer by functionally coupling N2
to CoQ (Schuler et al., 1999). The binding of CoQ is the final stage in electron transfer via complex I
and an important function of the membrane arm. The actual quinone binding site has not been
equivocally proven, and different studies suggest it is encoded by the NDI and ND4 proteins
(Triepels et al., 2001), or a hydrophilic 49-kDa/NUOD subunit located at the interface of the
peripheral and membrane arms (Darrouzet et al., 1998). The TYKY subunit is proposed to bind two
tetranuclear Fe-S clusters (N6a and N6b) that form the novel redox groups found in complex I.
TYKY is part of a special class of 8Fe-ferredoxins and works as an electrical driving unit for the

proton pump (Rasmussen et al., 2001).

B. Research Goals: “Mitochondrial Free Radical Generation In Parkinson’s Disease”

YEAR1:

AIM 1: Characterization of the regional and temporal development of complex I inhibition in
specific brain regions at time points after administration of subunit-specific complex I inhibitors
to rats:

(i) Stereotactic unilateral intracerebral injection of rotenone, DCCD, or pyridaben into the region of
the substantia nigra of anesthetized rats; and vehicle into the contraleteral hemisphere. Rats will
be sacrificed and brain tissue harvested at multiple time-points post-injection.

(i) Spectrophotometric measurement of complex I activity, citrate synthase activity (a marker for
mitochondrial number), and protein levels in post-mortem tissue from the striatum, nigra, cortex

and cerebellum.
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YEARS 1 AND 2:

AIM 2: Characterization of the regional and temporal development of cerebral oxidative damage
after administration of rotenone, DCCD and pyridaben to rats.

(i) HPLC measurement of oxidative damage markers at time-points before and after complex
inhibition (time-points and regions determined in 1) by:

a) HPLC detection of brain levels of DNA damage product 8-hydroxy-deoxyguanosine (8-OHdG),

b) HPLC and immunohistochemical detection of lipid peroxidation marker malondialdehyde in

affected brain regions.

YEAR 2:

AIM 3: Assessment of levels of free radical markers in striatal exracellular fluid (ECF)
microdialysates before and after inhibiting subunit activity, at time-points elucidated in (i), by:

a) HPLC detection of hydroxyl (OH") radical levels in microdialysates from striatum, by measuring
the extent of conversion of salicylate (i.p. injection) to DHBA by OH™ (DHBA detected in
dialysate).

b) HPLC detection of microdialysate levels of the DNA damage product 8-OHdG; and

¢) Immunocytochemical localization of 8-OHdG throughout brains of inhibitor-treated rats.

d) Completion of oxidative damage studies begun in year 1.

NB: The Goals of this study were modified in Yearl by: 1) Removal of DCCD as a test substrate,
due to its extreme toxicity to humans, combined with its ease of systemic penetration (via skin, eyes,
inhalation); 2) Change in the injection site of the inhibitors. Preliminary studies to optimize the
injections into the substantia nigra (SN) in rats showed pronounced inter-animal variability (due to
the small size of this brain region), and substantial mechanical damage in the overlying brain
regions. Since the primary aim of this study does not require selective targeting of dopaminergic
nigro-straital projections, injections were targeted instead to the striatum - a larger brain region

that allows more reproducible needle placement without affecting multiple other brain regions.

C. RESULTS

All studies used male Lewis rats, 250-300g at the commencement of studies. For stereotactic drug
injection into the brain, rats are anesthetized with a cocktail of ketamine (100mg/kg) and xylazine
(10mg/kg). Rats are placed in a Kopf stereotactic frame, and body temperature maintained at 37°C by

means of a heating pad.
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C1) Summary of Year 1 Results (Reported in 2003)

AIM 1: In the first year of this project we reported the dose-response effects of rotenone (6, 20, 60
and 120 pM) on Complex I activity, 1hr after intra-striatal injection. Complex I activity was measured
in striatum, cortex and cerebellum of rotenone and vehicle (DMSO/polyethylene glycol (PEG)
cocktail)-injected animals (measured spectrophotometrically, and normalized to activity of the
mitochondrial matrix enzyme citrate synthase, to control for mitochondrial number in the
preparation). 120pM rotenone produced the largest decrease in complex I activity. Complex I
impairment, measured at multiple time-points up to 24 hours after intra-striatal injection, showed

maximal enzyme inhibition at 8 and 24 hours post-rotenone (120pM) injection.

AIM 2 (This goal was to be carried out over both years of the consortium project).

HPLC and immunohistochemical characterization of the nature, and time-course, of oxidative damage
arising after intra-striatal injections of Complex I inhibitors:

Year 1 Results: We completed immunohistochemical assessment of the effects of rotenone insult on
levels of the lipid peroxidation makers malondialdehyde (MDA) and 8-iso-prostaglandin F2 (PgF2),
and the oxidative stress response marker heme oxygenase-1 (HO-1), 8h and 24h after intra-striatal
administration of rotenone (120pmol in 3pl) or vehicle (DMSO/PEG). Results showed increased
staining for all three markers in rotenone-injected striatum, compared with the vehicle-injected
contralateral striatum in the same animals, both at 8h and at 24h post-injection. The pattern and
approximate numbers of positively stained cells for each marker did not differ markedly between the
two time points, suggesting that the maximal initial effect on oxidation may be achieved by 8 hours.
Malondialdehyde-positive cells were most prominent in the immediate vicinity of the lesion/injection

site following rotenone. Iso-prostaglandin F2 showed an intermediate level of staining, but affected a

larger area of striatum than malondialdehyde, while heme oxygenase-1 positive cells were the most

abundant of all the markers examined, present in the largest striatal volume.

C2) YEAR 2: PROGRESS AND RESULTS

AIM 1-Continued. Experimental findings in Year 1 left some outstanding questions which required
clarification. These led to a several additional experiments, conducted in Year 2, discussed below:

(a) Try to improve lesion reproducibility by changing rotenone administration route: We carried
out pilot experiments using an alternative route of rotenone administration, namely
intracerebroventricular (i.c.v.) administration, in an attempt to rapidly generate striatal lesions

without inducing the mechanical damage inherent to stereotactic injections. Preliminary results using
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i.c.v. injection of 120pM rotenone were extremely variable in terms of lesion size and complex I
inhibition, and therefore this administration route was not pursued.

(b) Attempt to improve the measurement of Complex I activity changes by inhibitors, using
Complex I quantitative histochemistry: We encountered many problems with the variability of
complex I measurements in brain tissue using the spectrophotometric assay approach. This has
proved to be extremely time consuming, and tissue consuming. One particular confound is that the
inhibitors used are likely not affecting complex I activity throughout the entire striatum, and therefore
any changes in discrete areas of striatum may be masked in our spectrophotometric assays of complex
I activity that use whole striatum. Therefore we performed further time course studies on the effects
of rotenone (120pM, intrastriatal injection) on complex I activity, this time using a histochemistry
approach with quantitative densitometry, to localize regions of striatum in which complex I was
impaired, and to quantify activity changes within these areas.

Rats were sacrificed at 1, 4, and 8 hours after unilateral injection of rotenone into one striatum
(120pM, 3pl, n=6/gp), and vehicle (3pl DMSA/PEG) into the contralateral striatum. Brains were
removed and frozen in isopentane at -43°C, cut into 10pm-thick coronal cryostat sections, and
processed for complex I histochemistry with densitometry according to the methods of Jung et al.
(2002) and Higgins and Greenamyre (1996), respectively. This procedure is a colorimetric assay that

measures a change in color of nitro blue tetrazolium (NBT) in response to NADH oxidation by

complex I. The amount of complex I activity is extrapolated from the optical density (OD) of the

colored product in discrete brain regions, over a given time period. The technique requires
comparison of relative enzyme products between sections, and therefore tissue sections must be
processed simultaneously under identical conditions.

The areas where NADH oxidation occurred following injections were easily delineated within
the striatum, as shown in Figure 1. Rotenone produced a decrease in complex I activity (increased
density in this inverse exposure) in a larger area of the striatum than vehicle. Relative optical
densities in affected regions are shown in Table 1, presented as the difference in optical densities
between vehicle-injected and rotenone-injected striata. The extent of rotenone’s effect on complex I
was minimal 1h post-injection, but increased with time, and was highest 8h post-injection (Table 1).
We are still in the process of optimizing incubation conditions to take advantage of this procedure in

other experiments.
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Lesion caused by rotenone
injection. Note darker area
around lesion site compared
to contralateral vehicle
injected hemisphere

Fig 1: A representative section showing complex I activity histochemistry after injection of 120uM
rotenone (left hemisphere) or vehicle (right hemisphere) into the striatum. In this “inverse” phase
image a ‘ring’ of increased intensity appears around the rotenone injected hemisphere, compared to
the vehicle-injected hemisphere where a slight increase is evident only in the area of mechanical
damage immediately around the needle tract and injection site.

Table 1: The extent of NADH oxidation following intrastriatal injections. Mean difference values
reflect the differences in ODs between vehicle and rotenone-injected hemispheres, measured in the
same sections, at each time point (n=4-6/rats gp).

Time Mean p-Value
post- Difference
injection

1 hour 0.009

4 hours 0.017

8 hours 0.048

(c) We have also commenced experiments to determine the optimum dosing regimes for

pyridaben.
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(i) HPLC Measurement of Tissue MDA Levels: We used HPLC to measure tissue levels of

malondialdehyde (MDA, lipid peroxidative damage marker) in the striatum, cortex and cerebellum

of rats that had received bilateral intrastriatal injections of rotenone (120pM, 3pl), or vehicle

(DMSO/PEG, 3pl). Rats were sacrificed at 1, 4, and 8h after rotenone, and 8h after vehicle injection

(n=6/gp). Non-injected rats (n=6) were used as baseline controls.
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Figure 2: MDA measurements in homogenate preparations from (A) striatum, (B) cerebral cortex,
and (C) cerebellum of rotenone, vehicle and un-injected rats. Data presented as mean +/- SEM

(nmol/mg protein), p>0.05 (ANOVA, n=6/group).




Principal Investigator: SE Browne, Ph.D.

Brains were removed, regions dissected out, tissue frozen in isopentane at -43°C and stored at -
80°C. For HPLC analysis, tissues were homogenized in 40% ETOH. MDA in the sample was
reacted with thiobarbituric acid (TBA, 42mM), in the presence of butylated hydroxytoluene (BHT,
0.05% in ETOH) and 0.44M phosphoric acid (H3POy), for detection of the MDA-TBA product by
the method of Agarwal and Chase (2002). MDA content was extrapolated relative to an MDA
standard (Sigma, St. Louis, MO). Results for striatum, cortex and cerebellum are presented in Figure
2. MDA levels were not significantly altered in any of the regions examined up to 8h after rotenone
injection. These findings contrast with our previous observations in striatum of increased MDA
immunoreactivity at the site of rotenone injection, evident at 8 and 24h post-injection. We
hypothesise that this discrepancy results from the fact that increased MDA immunoreactivity was
restricted to an area of striatum in close proximity to the needle tract, suggesting that in this time
frame MDA generation is restricted to regions close to the core area of complex I inhibition. Hence,
we would not expect to detect MDA elevations in either the cortex or cerebellum, and any changes
in striatum may be masked by the relatively large amount of striatal tissue sampled with respect to

the area in which MDA generation is elevated.

(ii) Immunocytochemical assessment of oxidative damage markers in the striatum immediately
after rotenone injection. We extended the studies begun in Year | of this project, which examined
MDA, F2 isoprostane, and HO-1 immunostaining 8 and 24h after rotenone injection. In Year 2 we
examined levels of these markers, in addition to and the DNA oxidation marker 8-
hydroxydeoxyguanosine (8-OHdG), in rat striatum 1, 2 and 4h after unilateral stereotaxic intra-
striatal injections of rotenone (120pM, 3pl), and vehicle (DMSO/PEG) into the contralateral
striatum. Rats were perfused with 4% paraformaldehyde, their brains removed and post-fixed in
paraformaldehyde for 24 hours, transferred to 70% ETOH, and then paraffin embedded. Coronal
(30pm) sections were cut with a microtome. Sections were immunostained as follows:
a) Malondialdehyde (MDA): Rabbit anti-malondialdehyde-modified protein (kindly provided by Dr.
Craig Thomas, Hoechst Marion Roussel), diluted 1:1,000.
b) 8-iso-prostaglandin F2 (PgF2): Rabbit anti-Pg F2 (Assay Designs Inc., Ann Arbor, MI), 1: 1,000.
¢) Heme oxygenase-1 (HO-1): Rabbit anti-HO-1 (StressGen, British Columbia, Canada), 1: 3,000.
d) 8-OHdG: Mouse anti-8-OHdG (Vector Laboratories (Burlingame, CA, USA), diluted 1:500.

Haematoxylin and eosin (H&E) staining was used to delineate the the lesion in each animal.

Results are shown in Figure 3.
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Fig 3: Immunohistochemical stammg for oxidative damage markers in serial sections from the striatum of control
(uninjected), vehicle, or rotenone injected animals, one hour post-injection. Left panels, a representative control rat;

Center panels, Vehicle-treated; Right panels, representative sections from a rotenone-injected rat. A-C: Haematoxylin and
eosin (H&E) staining. D-F: MDA; G-I: F2-Isoprostane; J-L: HO-1; M-O: 8-OHdG. After local administration of
rotenone acute formation of 8-OHdG is seen indicating marked DNA oxidation. Local injection of rotenone did not
propagate formation of oxidative markers for lipid peroxidation (MDA or F2-Isoprostane), or the stress-response element
HO-1. Scale bar = 100pum
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In contrast to the elevations in lipid peroxidation (MDA, PgF2) and oxidative stress (HO-1)
markers by 8h post-rotenone, reported previously, these markers were unaltered acutely (1h) after
rotenone injection. The DNA damage marker 8-OHdG, however, was markedly upregulated 1h after
rotenone injection compared to levels in both vehicle-injected and control (uninjected) rats. The
nature of the 8-OHdAG effect is shown at higher magnification in Figure 4, which illustrates the
concentration of 8-OHdG immunostaining within cell nuclei, rather than cytosol, consistent with

DNA localization. These observations suggest that DNA oxidation is induced extremely rapidly after

inhibition of complex I by rotenone, whereas other stress responses are relatively delayed. Results

implicate ROS generation as a rapid and therefore potentially pathogenic consequence of rotenone

administration.

Figure 4: Magnification of plate O of Figure 3, above, demonstrating 8-0HdG localization
to cell nuclei following rotenone injection into rat striatum. Scale bar = 50pum.
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D. Discussion: During the second year of this study we endeavored to improve the reproducibility of
complex I inhibition/lesions induced by rotenone. To this end we tested different rotenone
administration routes, and different assays for qualitatively and quantitatively assessing complex I
activity in rat brains. While alternative administration route proved unsatisfactory, the histochemical
assay of complex I activity yielded some additional information with regards to the extent of tissue in
which complex I activity is compromised at different time points after rotenone, but still needs to be
refined. The major finding from Year 2 is that the complex I inhibitor rotenone induces oxidative
damage extremely rapidly after introduction into tissue, with elevated levels of the DNA damage
marker 8-OHdG evident as soon as lh after rotenone injection. Damage to other cellular elements,
including lipids, is slower, but is evident by 8h post-injection. We are currently assessing oxidative
damage markers at intermediate time points after rotenone. We also began experiments to determine
the optimum doses of pyridaben required for complex I inhibition.

The studies in the second year of this study were handicapped by the unforeseen move of the
research fellow conducting the bulk of these studies, 6 months into the study. We had begun training
this individual in the microdialysis procedure required for Aim 3 of these studies, but studies had to
be curtailed when they left. We therefore requested a one year no-cost extension to allow us to hire
another fellow, train them in microdialysis, and perform the studies in Aim 3. The results of these

studies will be reported in the next annual progress report.

6. KEY RESEARCH ACCOMPLISHMENTS

e Development and characterization of the histochemical/densitometric assay of complex I activity
in post-mortem rat brain sections.

e Demonstration of the area of complex I inactivation by rotenone in rat striatum, using the
histochemical procedure.

e Demonstration of the temporal development of complex I activity impairments after intrastriatal
rotenone injection, using the histochemical procedure.

e Testing of intracerebroventricular adminstration of rotenone to rats as a possible alternative route
of inhibitor administration, to improve reproducibility of striatal complex I inhibition; and

subsequent dismissal of this approach.
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Demonstration of extremely early elevations in a marker of oxidative damage to DNA (8-OHdG)

in the striatum of rotenone-injected rats (evident by 1h post-injection; earliest time-point examined
to date).

Demonstration that although lipid peroxidation markers (malondialdehyde and 8-iso-prostaglandin
F2) are elevated around the site of rotenone insult in rat striatum by 8h post-injection (previously
shown), these markers are induced affer DNA damage is evident (ie. they are not evident 1h post-
injection).

Demonstration that induction of the cell stress marker heme oxygenase 1 following rotenone insult

in rat striatum (previously reported), follows DNA damage (ie. not evident at 1h post- injection).

The finding that increased generation of the lipid peroxidation marker MDA locally around the
site of rotenone injection 8h post-injection (reported previously), is not reflected in an overall
elevation of striatal MDA levels measured by HPLC. We hypothesize this is most likely due to the
discrete localization of any MDA production induced by rotenone, which may be masked in the

whole-striatum homogenate preparation used for HPLC studies.
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Department of Neuroscience Seminar Series.
"The Cerebral Energetics of Huntington’s Disease .

November 17" 2003 Farber Institute for Neuroscience, Research Seminar
Thomas Jefferson University Medical College, Philadelphia, PA, USA.
"CNS Energetics and SOD1 in ALS Pathogenesis".

December 2™ 2003  McLean Hospital, Neuroscience Seminar.
Harvard Medical School, Belmont, MA, USA.
"CNS Metabolism and the pathogenesis of ALS."

March 19™ 2004 Mayo Clinic Seminar Series,
Mayo Jacksonville, Jacksonville, FL, USA.
"CNS Energy Metabolism and the Pathogenesis of Huntington's Disease".

8. CONCLUSIONS

The overall goals of this proposal were to gain insight into the roles of CNS energy metabolism
defects and oxidative stress in mechanisms of neuronal death and dysfunction in neurodegenerative
disorders. Outcomes may impact therapeutic strategies for treatment of both degenerative disorders
and neurotoxin exposure. Previous studies in human and animal models have implicated the
involvement of mis-metabolism and oxidative damage in the pathogenesis of several
neurodegenerative diseases including Parkinson’s disease (PD), Huntington’s disease (HD), and

amyotrophic lateral sclerosis (ALS). This project concentrated largely on using in vivo techniques in

whole animal models of degenerative disorders to gain insight into disease mechanisms at multiple

stages of pathogenesis.

In the first three years of this grant we made substantial progress in characterizing the nature of
changes in cerebral energy metabolism seen in theR6/2, N171-82Q and Hdh mouse models of HD,
both in vivo and in vitro. We also showed that cerebral glucose metabolism is impaired in the G93A
transgenic mouse model of ALS (overexpressing human mutant SOD1) at 60 days of age, and ATP
generation is depressed as early as 30 days. Our observations suggest that energetic dysfunction may
play an intrinsic role in the pathogenesis of the motor neuron disorder seen in both HD and ALS
mouse models, since alterations precede symptomatic and pathological changes in these animals.

In the period of this grant report, we have extended studies into the role of mitochondria, and in
particular mitochondrial complex I, as a source of reactive oxygen species (ROS) in PD. We have
further characterized the nature of the complex I inhibition induced by rotenone, and have
commenced studies with another complex I inhibitor, pyridaben, which shows a different pattern of
complex I subunit specificity to rotenone. We have also expanded on our novel observations of
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increased free radical-mediated damage after rotenone injection into rat striatum. Notably, we have
been able to demonstrate that oxidative damage to DNA is evident as soon as lh post-rotenone
injection. In the concluding experiments of this project, to be performed in the next year, we will
further characterize the nature and time course of oxidative damage induced by complex I inhibitors
by looking at shorter time-points post-injection, and using microdialysis approaches to measure free

radical generation around the sites of inhibitor injections in vivo.
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Huntington’s disease (HD) is a hereditary neurodegenerative disorder that gradually robs suf-
ferers of the ability to control movements and induces psychological and cognitive impair-
ments. This devastating, lethal disease is one of several neurological disorders caused by
trinucleotide expansions in affected genes, including spinocerebellar ataxias, dentatorubral-
pallidoluysian atrophy, and spinal bulbar muscular atrophy. HD symptoms are associated with
region-specific neuronal loss within the central nervous system, but to date the mechanism of
this selective cell death remains unknown. Strong evidence from studies in humans and animal
models suggests the involvement of energy metabolism defects, which may contribute to exci-
totoxic processes, oxidative dmage, and altered gene regulation. The development of trans-
genic mouse models expressing the human HD mutation has provided novel opportunities to
explore events underlying selective neuronal death in HD, which has hitherto been impossible
in humans. Here we discuss how animal models are redefining the role of energy metabolism
in HD etiology.

KEY WORDS: Huntington’s disease; Huntingtin; mitochondria; energy metabolism; glucose utilization;

genetic models.

INTRODUCTION

Huntington’s disease (HD) is an autosomal dom-
inantly inherited neurodegenerative disorder that is
characterized by the insidious progressive develop-
ment of mood disturbances, behavioral changes,
involuntary choreiform movements, and cognitive
impairments. Onset is most commonly in adulthood,
with a typical duration of 15-20 years before prema-
ture death.
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DISCUSSION

The Neuropathologic and Genetic Basis
of Huntington’s Disease

The motor and behavioral disturbances in HD
reflect the selective pattern of cell loss in the brain
and the specific neurotransmitter pathways affected.
Although it is often regarded as a basal ganglia disease,
because the predominant neuropathological feature is
progressive caudal to rostral degeneration of the caudate
putamen (1), HD is in fact a multisystem disorder. By
end stage, when more than 90% of caudate putamen
neurons are lost and the striatum is severely atrophic
and gliotic, degeneration is also evident in several other
brain regions, including the cerebral cortex, globus pal-
lidus (GP), and to a lesser extent thalamus, subthalamic
nucleus, nucleus accumbens, substantia nigra, cerebel-
lum, and white matter (1).

0364-3190/04/0300-0531/0 © 2004 Plenum Publishing Corporation
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GABA-ergic (y-aminobutyric acid) medium spiny
projection neurons, which constitute 80% of striatal
neurons, are most vulnerable in HD. The first clinical
symptoms of the disease correlate with loss of 30%—40%
of striatal dopamine D1 and D2 receptors localized on
the medium spiny neurons (2). Within these neurons,
GABA co-localizes with enkephalin (ENK), substance-P
(SP), dynorphin, or calbindin. Aspiny interneurons con-
taining nicotinamide adenine dinucleotide phosphate
diaphorase (NADPH-d), neuropeptide Y (NPY), somato-
statin (SS), and nitric oxide synthase (NOS) are rela-
tively spared in HD. ENK-positive spiny neurons
projecting to the external segment of the globus pallidus
(GPe) degenerate earliest in the disease, preceding SP-
containing neurons projecting to the internal segment
(GPi) (3). Hence the spontaneous, uncontrolled move-
ments typical of HD appear to result from the disruption
of basal ganglia—thalamocortical pathways that regulate
movement control (4). The pathological basis of the
mood disturbances and personality changes that are often
the earliest and most debilitating of the symptoms for
patients, are less clear. However, it is likely that cortical
neuronal dysfunction before overt cell loss, particularly
in prefrontal regions, underlies these traits (5).

The genetic defect in HD is an expansion of an unsta-
ble CAG repeat encoding glutamines (Q), close to the 5’
end of the chromosome 4 gene for huntingtin protein (6).
Expansion of this trinucleotide stretch to 34-39 CAG
repeats in one allele confers risk of developing HD, but
above 39 repeats the disease is completely penetrant. Sev-
eral features of the disease phenotype are influenced by
CAG repeat length, including age of onset (7) and the
extent of DNA fragmentation in striatal neurons (8). HD
also shows the trait of “anticipation” resulting from insta-
bility of the repeat size during transmission (9).

Despite knowledge of the HD gene defect, mutant
huntingtin’s toxic action has not yet been identified. In
fact, the function of wildtype huntingtin is not clear either,
although it is implicated in developmental apoptosis,
neurogenesis, and intracellular trafficking mechanisms
(10-13). Evidence points to the mutation inducing a toxic
gain of function, rather than causing loss of wildtype
huntingtin function, because mice lacking one allele of
wildtype huntingtin show little or no pathology (14).
Huntingtin is, however, essential for development, as
evidenced by the fact that D homologue—null mice die
in utero. Findings that this phenotype can be completely
rescued by crossing into knock-in mice that express
a mutant polyglutamine expansion (Hdh?”’ mice) imply
that huntingtin’s normal function persists despite the pres-
ence of a pathogenic glutamine repeat (11). Expression
levels for huntingtin are also critical, and mice expressing
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abnormally low levels of murine huntingtin exhibit devel-
opmental abnormalities (15).

The preferential vulnerability of striatal neurons in
HD is enigmatic and cannot be simply explained in
terms of the distribution of abnormal huntingtin, because
the gene mutation is expressed throughout the body and
does not show a marked selectivity for cerebral regions
targeted by the disease process (16,17).

Within the striatum there is some evidence sug-
gesting differential distribution between distinct neuronal
populations (18-20), but it appears more likely that vul-
nerability to degeneration is conferred by another prop-
erty of striatal neurons. At the neuronal level, huntingtin
protein is widely expressed throughout cells, with a
largely cytoplasmic distribution in perikarya, axons, den-
drites, and some nerve terminals. Mutant huntingtin
contains several cleavage sites for caspases and proteases
(21), and as the disease progresses, N-terminal fragments
of huntingtin form ubiquitinated protein aggregates in
neuronal nuclei (neuronal intranuclear inclusions [NII])
and in dystrophic neurites (cytoplasmic inclusions [CI]).
These aggregates have been identified in both HD brain
and in the brains of multiple mouse lines expressing
mutant huntingtin (22-26). The question of whether
huntingtin aggregates are directly toxic is still a matter
of debate, although the current weight of opinion favors
a lack of involvement or even a neuroprotective role
(27,28). Nuclear localization of mutant htt, however,
does seem to be necessary for cell damage. One study
demonstrated that transfecting mouse clonal cells with
either full-length or truncated huntingtin containing
mutant CAG repeat lengths induced toxicity along with
the formation of both nuclear and cytosolic inclusions,
whereas huntingtin with wild-type CAG repeats
remained within the cytoplasm and was inert (29).
Inhibiting caspase activity with Z-VAD-FMK increased
cell survival but had no effect on either NII or CI
number, implying that neuronal death is independent of
aggregate formation in this model. In addition, introduc-
ing a nuclear export signal to mutant huntingtin abro-
gates toxicity in vitro (30). A provokative corollary to
this issue is a recent report suggesting that nuclear locali-
zation of mutant huntingtin only occurs in nondividing
cells, perhaps contributing to the neuronal selectivity of
huntingtin toxicity (31).

Although mutant huntingtin’s initial toxic trigger
remains elusive, experimental evidence supports roles for
several different detrimental cell pathways at some stage
of the degenerative process within targeted neurons. These
include apoptotic cascades, excitotoxicity, the possibility
of huntingtin aggregate toxicity, and pernicious effects of
huntingtin protein—protein interactions, putatively via
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transglutaminase-catalyzed polyglutamine interactions
with glutamines, lysines, and polyamines in other proteins
(32-34). The latter is a particularly intriguing hypothesis,
because huntingtin has been shown to have an affinity
for many proteins critically involved in cell survival,
including BDNF, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), calmodulin, caspase-3, a-adaptin, and
a number of transcription factors, including Sp1, CBP, and
p53 (32,35-38).

Another prominent component of HD pathogenesis
is altered energy metabolism. Energetic defects in the
HD population have been chronicled for many years;
however, the specific role of impaired metabolism and
mitochondrial defects in cell death pathways is still
unclear. Are metabolic defects a primary event inducing
cell death cascades, or are they secondary to another
cellular defect? And if they are causative, how does
mutant huntingtin trigger this effect? Can huntingtin
directly influence mitochondrial function, or are mito-
chondrial defects the result of intranuclear events? The
purpose of this review is to address the current status
of knowledge on the role of energetic defects in cell
death processes in HD, and how metabolic compromise
can influence other detrimental cellular processes that
are implicated in the disease. A brief review of historical
evidence for metabolic defects in HD patients is pre-
sented, and the remainder of this review will concentrate
more on the groundbreaking evidence gained in recent
years from genetic models of the disease.

Bioenergetic Defects Are a Profound Feature
of Huntington’s Disease

The first hypotheses of energetic impairments in HD
arose from observations of pronounced weight loss in
patients, despite sustained caloric intake (39). Weight
loss does not correlate with chorea, suggesting it is an
insidious event resulting from the disease mutation rather
than secondary to hyperactivity (40). Then positron emis-
sion tomography (PET) studies revealed that glucose
metabolism in the basal ganglia and cerebral cortex is
markedly reduced in symptomatic HD patients (5,41,42).
Furthermore, the extent of caudate hypometabolism cor-
relates well with declines in clinical test scores for
bradykinesia, rigidity, dementia, and functional capacity.
Similarly, putaminal hypometabolism predicts the extent
of chorea and defects in eye movements, whilst hypome-
tabolism in the thalamus correlates with the degree of
dystonia in patients (5,43). Reduced cerebral functional
activity in symptomatic patients may simply reflect neu-
ronal loss, but more compelling evidence for a potential
causative role of energetic defects comes from findings
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that striatal hypometabolism precedes the bulk of tissue
loss and occurs in asymptomatic at-risk subjects (44-46).
Approximately 50% of gene-positive mutation carriers
exhibit metabolic defects years before the onset of clin-
ical symptoms (46,47). In addition, patients suffering
psychological disturbances and mood changes often
exhibit cortical hypometabolism before the onset of
motor symptoms (5). The involvement of a defect in gly-
colysis has also been suggested by findings that symp-
tomatic HD patients have elevated lactate production in
the basal ganglia and occipital cortex, detected by pro-
ton nuclear magnetic resonance ('"H-NMR) imaging
(48,49). Interestingly, this abnormal lactate generation
can be ameliorated by treatment with the metabolic co-
factor coenzyme Q;, (50). NMR spectroscopy has also
revealed marked increases in cerebrospinal fluid (CSF)
pyruvate content and reductions in muscle phosphocre-
atine (PCr)/creatine and ATP/phosphocreatine ratios in
symptomatic patients (50-52).

Consequently, biochemical studies in HD post-
mortem tissue have revealed alterations in the activity
of several key components of oxidative phosphorylation
and the tricarboxylic acid (TCA) cycle in brain regions
targeted in HD. Pyruvate dehydrogenase activity is
decreased in basal ganglia and hippocampus, and stri-
atal oxygen consumption is reduced in HD patients (53).
Activities of complexes II, III, and IV of the electron
transport chain are markedly and selectively reduced in
caudate and putamen of advanced grade (3 and 4) HD
patients (54,55). Impaired complex I activity has been
reported in muscle from HD patients but appears to be
unaffected in brain (54,56,57). However, findings that
respiratory chain enzyme activities are unchanged in
presymptomatic and early-stage HD patients suggests
that these enzymatic changes are secondary to the path-
ogenic process (58), a hypothesis largely supported by
observations in mutant mouse models of HD (discussed
below). The most profound enzyme defect detected in
HD to date is the dramatic reduction in activity of the
TCA cycle enzyme aconitase in affected brain regions
and muscle (>—70%; 59). Sites of metabolic abnor-
malities in HD are summarized in Figure 1. Interest-
ingly, mitochondrial abnormalities and metabolic
defects are also features of other trinucleotide repeat dis-
eases including SCA1, SCA2, and SCA3, adding fuel
to speculation that energetic defects play common roles
in these disorders and may be directly linked to the
polyglutamine defect (60,61).

GAPDH is another metabolic enzyme that has
been implicated in HD pathogenesis, on the basis of
the propensity for polyglutamines to bind the enzyme
(35). Glycolytic activity of GAPDH, however, was
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Fig. 1. A schematic representation of the sites of impairments in the glucose metabolic pathway identified to date in neurons of HD patients,
and, in some cases, in mutant mouse models. Sites: 1, Glucose uptake; 2, glyceraldehyde-3-phosphate dehydrogenase, GAPDH (glycolytic
dysfunction not proven); 3, lactate production increased; 4, pyruvate dehydrogenase; 5, aconitase; 6, succinate dehyrogenase; 7, cytochrome

oxidase.

found to be conserved throughout the brain in late
stage HD (54). This does not rule out the possibility
that other actions of this promiscuous molecule are
affected in the disease, including effects on microtubule-
mediated intracellular trafficking or apoptosis. Recent
reports have subsequently shown that the subcellular
localization of GAPDH is altered by mutant huntingtin
expression, with increased nuclear localization in both
human fibroblasts and in neurons from a transgenic
mouse model (62-64). The appearance of an abnormal
high molecular weight form of GAPDH in fibroblast
nuclei has also been associated with decreased glyco-
lytic activity (62).

Mitochondrial Toxins Mimic Huntington’s
Disease

The relevance of succinate dehydrogenase (SDH)
defects to the HD phenotype is underscored by the fact
that mitochondrial toxins that selectively inhibit succinate
dehydrogenase in the TCA cycle and complex II, namely
3-nitropropionic acid (3-NP) and malonate, induce
striatal-selective lesions in humans, rodents, and primates
that closely resemble those seen in HD (65,66). Systemic
3-NP intoxication in humans induces basal ganglia lesions
visible by CT-scans, localized principally to the putamen
but sometimes extending to the caudate, that are associ-
ated with multiple cognitive symptoms, including acute

encephalopathies and coma, and motor abnormalities
(65). Systemic administration of 3-NP to both rodents and
primates produces age-dependent striatal lesions that are
strikingly similar to those seen in HD (67,68). In primates,
chronic 3-NP administration produces selective striatal
lesions characterized by a depletion of calbindin neurons
with sparing of NADPH-d neurons, and proliferative
changes in the dendrites of spiny neurons. Animals also
show both spontaneous and apomorphine-inducible chor-
eiform movement disorders resembling those in HD (66).
3-NP basal ganglia lesions in rats are associated with
elevated lactate levels, similar to the increased lactate
production seen in HD patients (69). Inhibition of cerebral
SDH activity by 3-NP has been demonstrated in vivo in
a number of studies. 3-NP markedly inhibits SDH activity
within 2h of intraperitoneal administration in rodents,
producing 50%—-70% reductions in SDH activity through-
out the brain (68; Browne and Beal, unpublished obser-
vations), consistent with the degree of complex II-III
deficiency reported in HD striatum in postmortem
studies (54). Interestingly, the neurodegenerative seque-
lae of systemic administration of the toxin are largely
restricted to the striatum, despite its relatively homo-
geneous distribution and uniform reduction in SDH
activity throughout the brain (68; Browne and Beal,
unpublished observations). This observation appears to
once again underscore the vulnerability of striatal neu-
rons to metabolic stress.
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Genetic Models of Huntington’s Disease: How
Do Energetic Defects Evolve?

The discovery of the gene mutation in HD and the
subsequent generation of animal models expressing this
mutation has transformed studies into HD etiology, by
conferring the ability to map early events in the disease
and track the development of pathologic processes rela-
tive to disease symptoms. The mutant HD gene has now
been expressed in a number of different organisms,
including Caenorhabditis elegans, drosophila, mice, and
rats (28,37,70,71). Although lower organisms may pro-
vide reasonable models for rapid screening of potential
therapeutic agents, rodent models are proving most use-
ful for examining the contributions of different cellular
mechanisms of disease and for testing the efficacy of
putative therapeutics.

Multiple mouse models of HD now exist, falling into
three broad categories: (i) Mice expressing exon-1 frag-
ments of human huntingtin gene (HD) containing polyg-
lutamine mutations (in addition to both alleles of murine
wildtype huntingtin [hdh]). (i) Mice expressing the full-
length human HD gene (plus murine hdh). and (iii) Mice
with pathogenic CAG repeats inserted into the existing
CAG expansion in murine hdh. These models vary in
terms of the site of transgene incorporation, promoter
used, gene expression levels, CAG repeat length, copy
number, and background mouse strain used. As a result,
mouse phenotypes vary greatly between lines, as demon-
strated in Table I (10,24,25,72-79). Most notably,
although all models exhibit some features typical of HD
(invariably including huntingtin protein aggregate form-
ation at some stage), not all models develop striatal neuro-
nal death. This phenomenon seems to depend ultimately
on the context in which the huntingtin mutation is
expressed (as demonstrated elegantly in [80]). However,
some generalities can be drawn from surveying the avail-
able mouse lines. Firstly, mice require longer CAG
repeats than humans to elicit pathogenic events, puta-
tively because of their relatively short life spans. Second,
age of onset of disease phenotype is accelerated by
expressing gene fragments and is faster with shorter frag-
ments. Similarly, mouse life span is more rapidly cur-
tailed by expressing shorter fragments. In contrast,
expression of longer fragments or full-length huntingtin
seems to be associated with the development of neuronal
death patterns more closely resembling human HD
pathology. However, age of phenotype onset, aggregate
formation, and cell death are all slower in full-length
models (including knock-in mice) compared with frag-
ment models. Within each of these subsets, longer CAG
repeats accelerate all phenotypes.
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Do Energetic Defects Contribute to Pathogenesis
in Mouse Huntington’s Disease Models?

The most prominent metabolic alterations in HD
patients are weight loss and region-specific alterations
in cerebral glucose use, cerebral lactate levels, and the
activities of mitochondrial enzymes involved in glucose
metabolism. These parameters are gradually being sys-
tematically investigated in different mouse HD models,
and a temporal profile of pathogenic events is slowly
emerging.

Reduced body weight and brain weight are features
of mice expressing fragments of human huntingtin (e.g.,
R6/2 and N171-82Q) but are not so typical of full-length
htt models (25,72). Alterations in cerebral glucose
utilization, however, are early events in different HD
mouse lines (81,82). Using quantitative 2-deoxyglucose
densitometry in awake, freely moving mice, we found
that glucose use changes occur presymptomatically in
HD mouse brains. In contrast to most reports in humans,
the first detected alterations in mouse lines are marked
elevations in glucose use in multiple forebrain regions.
Most interestingly, this hypermetabolism occurs before
any evidence of pathological changes, aggregate forma-
tion, or symptoms in these animals. This observation
has now been recapitulated in two distinctly different
HD mutant mouse models, Hdh?” and Hdh?'!! knock-in
mice expressing mutant CAG expansions in the murine
homologue HD gene (11) and N171-82Q mice express-
ing a fragment of human huntingtin gene containing 82
CAGs (25). Hdh?*? and Hdh?”’ mice do not develop an
overt behavioral phenotype, but Hdh?''" mice show
striatal-specific cell loss around 24 months of age (83).
Further, nuclear retention of full-length htt is seen long
before cell death (~12 weeks) and occurs selectively in
striatal medium spiny neurons. Increased CAG repeat
length in this line is associated with acceleration of neu-
ronal intranuclear inclusion (NII) formation, evident by
10 months of age in Hdh®'"! mice and by 15 months in
Hdh©%?, but NII are not seen in Hdh?’’ mice (26,83).
In contrast, N171-82Q mice that express a fragment of
human huntingtin develop a behavioral phenotype more
closely reminiscent of HD, developing weight loss, gait
abnormalities, impaired motor performance on a rotarod
apparatus, systemic glucose intolerance, and NII forma-
tion by 3-4 months of age, before premature death at
around 4.5-6 months (25).

Glucose use studies were performed in HD mice
before the onset of symptoms or NII formation (4-month-
old Hdh?°, Hdh?”, and Hdh?''! mice, and 2-month-old
N171-82Q mice), and in Hdh?*? mice post-NII formation
(15 months). Widespread increases in forebrain glucose
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use levels were evident in 4-month-old Hdh?” and
Hdh?""" mice (but not Hdh?*’), and in 2-month-old N171-
82Q mice. Notably, glucose use changes in Hdh mice
were exacerbated in mice with longer CAG repeats and
in homozygote versus heterozygote mice, suggesting the
extent of increased cerebral glucose demand in CAG
length-dependent and gene dosage—dependent (81,82). In
older Hdh?'!" mice, striatal glucose use was depressed,
suggestive of neuronal dysfunction before cell loss.
Increases in glucose uptake before any pathological
changes suggest that cells have increased their glucose
demand to fulfill functional requirements, perhaps as
a result of impaired activity of specific metabolic
enzymes, uncoupling of mitochondria, or increased
dependence on glycolysis. Notably, there is one report in
humans of elevated cortical glucose use in presympto-
matic HD gene-carriers (47). Limited observations in
humans perhaps reflect a lack of studies involving early
enough imaging to detect subtle, region-specific presymp-
tomatic hypermetabolism. Another point of interest is that
glucose use changes are not restricted to brain regions
especially susceptible to degeneration (i.e., the cortex and
striatum). This observation supports suggestions that
selective loss of striatal neurons may be associated with
their apparent vulnerability to metabolic stress.

To determine the principal sites at which metabo-
lism is impaired, studies are in progress to examine the
functional capacities of multiple components of the glu-
cose metabolic pathway in these and other HD mice.
Additional models include R6/2 mice expressing a
human HD N-terminal fragment and transgenics
expressing full-length human mutant HD with its con-
stitutive regulatory elements in a YAC construct (see
Table I). R6/2 mice (with 144-170 CAGs) were the
first mutant HD mice developed and therefore are the
best characterized to date (22,72). Mice have an
extremely short life span (generally 13—17 weeks) and
develop (in chronological order) NII (~3-4 weeks),
gait abnormalities, rotarod impairments, glucose intol-
erance, body weight loss, brain weight loss, diabetes,
striatal atrophy (6-10 weeks), and cerebral neurotrans-
mitter receptor alterations (notably metabotropic gluta-
mate and dopamine alterations around 12 weeks of
age) (22,72,76). YACT72Q transgenics show a more
slowly progressing phenotype, the earliest abnormality
reported to date being impaired calcium handling by
4-5 months of age (24,84). Mice go on to develop NII,
and some striatal and cortical cell loss, but live a
normal life span. Initial metabolic findings in these
models suggest that ATP synthesis may be impaired in
N171-82Q and R6/2 mice (Browne, Beal, and Yang,
unpublished observations). Interestingly, we found that
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activities of mitochondrial enzyme complexes II and IV
(known to be defective in late-stage HD) are normal
in both Hdh and N171-82Q mice (82). This finding
seems to be typical of multiple HD mouse models (58),
with only one exception to date, a report of reduced
aconitase and complex II activities in late-stage R6/2
mice (85).

Does Mutant Huntingtin Directly Interact with
Mitochondria? Evidence from Genetic Models

The studies described thus far are suggestive of
an early role for mitochondrial defects in HD etiology,
but until recently a direct link between the huntingtin
mutation and mitochondrial function has been lacking.
However, evidence is gradually emerging that the
mutant protein may directly interact with neuronal
mitochondria. One study has systematically examined
histological parameters in four different mouse lines
(R6/2, R6/1, N171-82Q, and Hdh150CAG mice) and
found evidence of degenerated mitochondria in striata
in late-stage symptomatic mice (80). These degenerat-
ing mitochondria were most prominent in the R6/2 line
and notably could be detected before other marked
pathological changes within neurons (at about 8-10
weeks of age) and concomitant with symptom onset in
these animals. The degeneration is typified by mito-
chondrial swelling, disruption of the cristae and mito-
chondrial membranes, and eventual condensation and
lysosomal engulfment. Moreover, this report provides
the first evidence of a direct interaction of huntingtin
protein with mitochondria, by demonstrating the local-
ization of huntingtin N-terminal antibody EM48
immunogold particles both within degenerating mito-
chondria, and on their surfaces, in R6/2 mouse brain
(80). Although R6/2 mice show evidence of striatal
atrophy and neuronal shrinkage, there is little
detectable striatal cell loss by the time of their
premature death at 13—17 weeks of age (22). In con-
trast, N171-82Q mice show much more marked striatal
and cortical-specific neuronal degeneration by end
stage. This cell death appears to be largely via apop-
totic mechanisms, and there is evidence that mito-
chondrial cytochrome ¢ release is involved, triggering
caspase-9 activation (34,80). Another study has
reported the association of full-length mutant hunt-
ingtin with the surface of mitochondria in YAC-72Q
transgenic mice (84).

Functional changes in mitochondria caused by
mutant huntingtin have also recently been shown by the
demonstration that polyglutamines can influence mito-
chondrial calcium handling. Panov et al. (86) exposed
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mitochondria isolated from rat liver and human lym-
phoblasts to glutathione S-transferase fusion proteins
containing polyglutamine tracts of different lengths. Path-
ogenic polyglutamine constructs (62Q) slightly decreased
mitochondrial membrane potential and rendered mito-
chondria more vulnerable to Ca**-induced depolarization
than mitochondria incubated with wild-type polygluta-
mine residues (19Q and 0Q). This impairment in calcium
handling in the presence of only pathological-length
polyglutamines implies that the polyglutamine stretch in
mutant huntingtin may alter membrane depolarization,
making cells more vulnerable to excitotoxic injury and
the consequences of permeability transition. However,
results to date give little insight into the regional vul-
nerability of striatal and cortical CNS neurons in HD.
One potential explanation is that a combined effect of
huntingtin-mediated increased vulnerability and region-
specific alterations in ATP generation underlie regional
susceptibility.

Enhancing Metabolism is Protective in
Huntington’s Disease: Indirect Evidence
of Energetic Defects

Circumstantial evidence that energetic defects con-
tribute to neurodegenerative processes in HD is provided
by findings that agents that enhance energy production
in the brain exert beneficial effects. NMR measurements
of lactate production in humans and in rodent mito-
chondrial toxin models suggest that coenzyme Q;, and
creatine are neuroprotective, putatively via enhancing
cerebral energy metabolism (50,69). Oral administration
of CoQ,, ameliorated elevated lactate levels seen in the
cortex of HD patients, an effect that was reversible on
withdrawal of the agent (50). CoQ,y, which also has
antioxidant effects, also improves symptoms in some
other mitochondria-associated disorders, including
MELAS and Kearns Sayre syndrome, reducing CSF and
serum lactate and pyruvate levels, and enhancing mito-
chondrial enzyme activities in platelets (87,88). Further-
more, CoQ,, attenuates neurotoxicity induced by the
mitochondrial toxins MPTP and malonate in animal
models (89,90), and was found to increase survival and
delay symptom onset in two genetic mouse models of
HD (R6/2 and N171-82Q) (91,92). These findings led
to CoQ,, being tested in a 30-month clinical trial in
early-stage HD patients, both in combination with the
weak NMDA receptor antagonist remacemide, and alone
(93). Although this multiarm trial did not detect a signifi-
cant ameliorative effect of CoQ,, it did demonstrate a
trend toward a protective effect, with treatment slowing
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the decline in “total functional capacity” of HD patients
by 13%. Although findings were not immediately con-
clusive, results are encouraging and further studies of
different doses are planned.

An alternative strategy to enhance cerebral energy
metabolism is to increase brain energy stores of the high-
energy compound phosphocreatine (PCr) via systemic
creatine administration (94,95). Oral creatine treatment
successfully attenuated neurotoxicity induced by 3-NP in
rats, ameliorating increases in striatal lactate levels and
decreases in levels of high-energy phosphate compounds
(including ATP) induced by the toxin (69). Furthermore,
oral creatine administration has been found to delay dis-
ease onset in two HD mouse models, and protect against
purkinje cell loss in a transgenic mouse model of another
polyglutamine repeat disease, SCA1 (96-98). As a result
of these promising effects, creatine’s efficacy in HD is
currently being assessed in clinical trials. A third
approach to modulate energy metabolism therapeutically
that has proved efficacious in HD mutant mice, is stim-
ulation of pyruvate dehydrogenase activity by treatment
with dichloroacetate (99). Pyruvate dehydrogenase com-
plex activity is impaired in symptomatic R6/2 trangenic
mice, but this defect can be reversed with dichloroacetate
(DCA) treatment (99). DCA also significantly increased
survival, improved motor function, delayed loss of body
weight, attenuated the development of striatal neuron
atrophy, and prevented diabetes in both the R6/2 and
N171-82Q mouse models of HD.

How Are Energetic Changes Deleterious
to Neurons in Huntington’s Disease?

Excitotoxicity. Impaired energy metabolism, result-
ing from a toxic action of mutant huntingtin, may be
detrimental to cells by inducing excitotoxic damage
(100,101). Reduced ATP production can result in cell
death directly via disrupting energy-dependent processes.
ATP is essential to fuel ionic pumps that generate and
maintain ionic and voltage gradients across neuro-
nal membranes, including Na*/K"-ATPase pumps that
control resting membrane potential and ATPases that
regulate intracellular Ca’" levels. Impaired Na'/K"-
ATPase pump activity may prevent membrane repolar-
ization, resulting in prolonged or inappropriate opening
of voltage-dependent ion channels. If severe enough,
this partial membrane depolarization can facilitate acti-
vation of NMDA receptors by endogenous, normally
inert levels of glutamate. In this scenario a concomitant
Ca’" influx will occur, triggering nitric oxide synthase
(NOS) activation and free radical production. This
hypothesis is supported by findings that normally
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ambient levels of excitatory amino acids become toxic in
the presence of oxidative phosphorylation inhibitors,
sodium-potassium pump inhibitors, glucose deprivation,
or potassium-induced partial cell membrane depolari-
zation (102-104).

Evidence for excitotoxic processes in HD patients
comes primarily from studies of NMDA receptors in HD
postmortem tissue. Selective depletion of NMDA receptors
has been found in HD striatum, suggesting that neurons
bearing NMDA receptors are preferentially vulnerable to
degeneration (105). Findings of similar reductions in the
striatum of an asymptomatic at-risk patient imply that
excitotoxic stress may occur early in the disease process
(106). Animal models provide the bulk of evidence for
excitotoxicity in HD pathogenesis. Excitotoxic striatal
lesions in rats and primates closely resemble those seen
in HD brain, with NMDA agonists such as quinolinic
acid producing neuronal-specific lesions that show
relative sparing of NADPH-diaphorase and parvalbumin-
positive neurons typical of HD (89). In primates, quino-
linic acid produces striking sparing of NADPH
diaphorase neurons, as well as an apomorphine inducible
movement disorder (107). In contrast, although AMPA/
kainate receptor agonists also produce striatal lesions, they
do not replicate the pattern of selective cell loss charac-
teristic of HD.

Excitotoxic processes are also implicated in cell death
mediated by mitochondrial toxins that deplete ATP
production, including 3-nitropropionic acid (3-NP),
3-acetylpyridine (3-AP), aminooxyacetic acid (AOAA),
1-methyl-4-phenylpyridinium (MPP*'), and malonate
(66,90). Systemic administration of 3-NP results in
increased binding of tritiated MK-801 (an NMDA recep-
tor channel ligand), consistent with activation of NMDA
receptors as a secondary consequence of energy depletion
in this model (108). Consequently, 3-NP and malonate
lesions can be prevented by prior removal of glutamatergic
excitatory corticostriatal inputs by decortication, by gluta-
mate release inhibitors such as riluzole, and by NMDA
receptor antagonists including MK-801 (90). Taken
together these observations imply that 3-NP toxicity is
mediated by secondary excitotoxic mechanisms.

Genetic models of HD also provide evidence of a
role for excitotoxic mechanisms in the development of
neuronal damage, but findings to date suggest differences
between mouse models dependent on the context in
which the gene defect is expressed. In YAC-72Q mice,
striatal quinolinic acid lesions were exacerbated relative
to lesion volumes in wildtype mice, at ages preceding
motor symptom onset (109). Cultured neonatal medium
spiny neurons expressing the YAC72Q transgene also
showed susceptibility to excitotoxic damage induced by
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NMDA, but not AMPA, which could be abolished by
the NMDA receptor NR2B subunit-specific antagonist
ifenprodil. NMDA toxicity was also found to be abro-
gated in cerebellar cells, putatively as a result of their
lower levels of NR2B expression (109). The authors
therefore hypothesized that regional expression of NR2B
subunits may correlate with the severity of neuronal
degeneration in HD.

In contrast, another transgenic mouse model that
expresses an N-terminal fragment of huntingtin and 46
or 100 CAGs (73) shows no preferential susceptibility
to quinolinic acid excitotoxic lesions (110). However,
expression of the HD mutation in the context of a shorter
gene fragment and longer CAG repeats in R6/2 (145
CAG) and R6/1 (115 CAG) mice conferred resistance to
quinolinic acid, malonate, NMDA, and 3-NP toxicity
(111,112). One hypothesis to explain the resistance of
neurons in these mice is reduced synaptic activity.
Dopamine levels in R6/1 mice show 70% depletions in
extracellular dopamine relative to wildtype littermate
levels (112,113). However, intrastriatal malonate admin-
istration in R6/1 mice resulted in a temporary increase
in local dopamine release, although lesion volume was
reduced by 80% in these animals. In contrast, increased
susceptibility to NMDA of R6/2 striatal and cortical neu-
rons has been demonstrated ex vivo (76), an observation
recapitulated in an HD knockin model (76). In another
study measuring EPSCs in R6/2 mouse striatal medium
spiny neurons, reductions in spontaneous activity were
detected at the time of symptom onset in these mice
(114). Transmission depression was overt by the time
mice become severely impaired (~11-12 weeks of age).
The authors demonstrated this to be due to reduced
presynaptic events in glutamateric input neurons, impli-
cating defects in the corticostriatal projection pathway in
this HD model. The fact that the glutamate release
inhibitor riluzole prolongs survival in R6/2 mice (115)
reinforces suggestions of an excitotoxic component in
this mouse model.

Oxidative Damage. There is evidence that oxida-
tive damage occurs in HD brain and in models of the
disorder (54,81,116). Findings in HD patients include
increased incidence of DNA strand breaks, exacerbated
lipofuscin accumulation (a marker of lipid peroxidation),
elevated DNA oxidative damage products such as 8-
hydroxydeoxyguanosine (OH*dG), and increased immuno-
histochemical staining of oxidative damage products in HD
striatum and cortex, including 3-nitrotyrosine (a marker
for peroxynitrite-mediated protein nitration), malondial-
dehyde (marker for oxidative damage to lipids), heme
oxygenase (formed during oxidative stress), and OH%dG
(81). Oxidative stress may be a direct mechanism of
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huntingtin-linked cellular damage; however, findings that
increased oxidative damage to DNA and lipids occurs
after symptom onset in the R6/2 transgenic mouse model
of HD (117) suggest that it is a downstream event in
neuronal dysfunction. It is therefore possible that oxi-
dative damage is induced by energetic defects or secon-
dary excitotoxicity.

Ca®* influx into neurons after activation of excita-
tory amino acid receptors may trigger increased free
radical production via NO-mediated mechanisms, and
associated oxidative damage to cellular elements including
proteases, lipases, and endonucleases, ultimately leading
to cell death (118,119). Direct evidence linking excito-
toxicty to free radical generation comes from studies using
electron paramagnetic resonance that show that NMDA
dose-dependently increases superoxide formation in cul-
tured cerebellar neurons (120). The effects are blocked by
NMDA antagonists or removing extracellular Ca**. This
is consistent with findings that exposure of isolated corti-
cal mitochondria to 2.5 uM Ca®*, which is similar to intra-
cellular concentrations induced by excitotoxic stimuli,
leads to free radical generation (121). NMDA, kainic acid,
and AMPA all stimulate free radical generation in synap-
tosomes and electron paramagnetic resonance have shown
generation of free radicals in vivo following systemic
kainic acid administration. Further evidence supporting a
role for oxidative damage in HD is that the energetic
defects seen in HD brain are similar to those induced in
cell culture by peroxynitrite, which preferentially inhibits
complexes I and IIT and (to a lesser extent) complex IV
activity in the electron transport chain (122).

3-NP toxicity in animals is also associated with
increased oxidative damage in the CNS. Hydroxyl (OH")
free radical production is elevated in the striatum
following systemic 3-NP administration, as are levels of
the DNA damage marker 8-hydroxy-deoxyguanosine
(OH®dG) and 3-nitrotyrosine (123). Findings that 3-NP-
induced lesions and concomitant increases in oxidative
damage markers are markedly attenuated in mice over-
expressing the superoxide free radical scavenger Cu/Zn
superoxide dismutase (SOD1), imply that oxidative free
radicals contribute to lesion formation (66). Furthermore,
3-NP striatal lesions are attenuated by free radical spin
traps and nitric oxide synthase (NOS) inhibitors (124). In
addition, lack of the free radical scavenging enzyme glu-
tathione peroxidase (GSHPx) in knockout mice exacer-
bates striatal damage and 3-nitrotyrosine elevations caused
by systemic administration of 3-NP (66).

Energy Metabolism and Transcriptional Regula-
tion. One potential role for early metabolic alterations in
huntingtin-mediated toxicity involves cyclic adenosine
3’,5'-monophosphate (CAMP) signaling. Decreased trans-
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cription of genes regulated by cAMP responsive element
(CRE) binding protein (CREB) have been implicated in
several polyglutamine disorders, including HD. It has
been proposed that this decreased transcriptional activity
may be due to sequestration of transcriptional coactivators
such as CREB binding protein (CBP) and TAF;;130 into
protein aggregates as the disease progresses. This seems
unlikely to be the primary step in HD pathogenesis,
because evidence shows that NII formation can occur
relatively late in the disease process. Also, CBP
sequestration cannot explain the dominant reduction in
BDNF transcription observed in a STHdhQ111 striatal
cell line, because these cells do not develop inclusions
(125). An alternative hypothesis is that a deficiency in
cAMP underlies abrogated CRE-mediated gene
transcription. cAMP generation is an energy-dependent
process, requiring ATP as a precursor, that is reduced in
CSF, parietal cortex, and lymphoblastoid cell lines from
HD patients (125,126). Furthermore, the adenylate
cyclase stimulator forskolin abrogates toxicity induced
by expression of mutant huntingtin fragments in PC12
cells (127). In a recent study, Gines et al. (125) used
Hdh?'"" mice and striatal cell lines to test whether
reductions in cAMP link energetic defects with altered
CRE signaling in this HD model. cAMP levels were
significantly reduced in cortex and striata of these mice by
10 weeks of age, far preceding the formation of nuclear
huntingtin aggregates and neuronal death. Further,
associated reductions in levels of transcriptionally active
phospho-CREB, concomitant with reduced expression of
BDNF, were also evident in the cortex of these mice by 5
months of age, indicative of reduced PKA/CREB
signaling. These authors went on to suggest that this
defect is a result of impaired ATP synthesis induced by
the mutant full-length huntingtin, based on observations
in a transfected striatal cell line. Notably, mutant huntingtin
transfected cells also display elevations in free radical
generation and an increased vulnerability to the respiratory
chain inhibitor 3-NP.

Changes in cAMP-mediated transcription will have
downstream effects on many cell components. One in
particular that has gained much interest in HD is brain-
derived neurotrophic factor (BDNF). Reduced cAMP-
dependent transcription of BDNF is a robust feature of
HD pathophysiology. By grades II and III of the disease,
BDNF protein and mRNA levels in frontoparietal cortex
are halved, and this effect can be mimicked by express-
ing full-length human mutant huntingtin in a rat CNS
parental cell line (128,129). Reduced levels of cortical
and striatal BDNF have subsequently been demonstrated
in multiple mouse models of HD expressing mutant hunt-
ingtin (including R6/2, N171-82Q, Hdh, and YAC-72
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lines) and are associated with robust alterations in BDNF
gene transcription across several different HD mouse
lines (125,129-131). In contrast, mice expressing human
wild-type huntingtin show increased levels of BDNF.
Taken with observations that the striatal pool of BDNF
arises from cortical projection neurons, in which hunt-
ingtin is widely expressed, it has been suggested that the
selective vulnerability of striatal neurons may result from
loss of neurotrophic support by BDNF. BDNF also pro-
tects neurons against metabolic and excitotoxic insults
(132,133) and has been shown to be a promising sub-
strate for cell replacement therapy approaches (134,135).
Intrigueingly, a dietary restriction regimen that has been
shown to increase BDNF levels in the cerebral cortex,
striatum, and hippocampus of mice and rats, was found
to increase survival, improve motor performance, ame-
liorate weight loss, and delay huntingtin aggegate
formation and systemic glucose intolerance in R6/2 HD
mice (136). The direct protective effect of downregulat-
ing metabolic substrates in this manner has yet to be elu-
cidated, but dietary restriction has previously been found
to extend life span and is neuroprotective against a num-
ber of cell stresses.

Gene profiling studies in HD mouse models also
indicate that regulation of several genes involved in mito-
chondrial function and energy metabolism may be abnor-
mally affected by mutant huntingtin expression. These
include creatine kinase, ATP synthase, and subunits of
cytochrome ¢ oxidase, as well as genes modulating cal-
cium handling and multiple cAMP-regulated genes
(130,131,137-139). Although it is tempting to speculate
that transcriptional changes in metabolic genes may con-
tribute to HD pathogenesis, caution is warranted in inter-
preting these observations, because transcriptional changes
in a multitude of genes affecting a plethora of different
cellular pathways are detected in HD models, of which
metabolic components are only a small subset.

Mutant Huntingtin Influences Glucose’s Activity as
a Signaling Molecule. Another proposed mechanism of
cellular damage by mutant huntingtin is disruption of
proteosome clearance of ubiquitinated proteins, includ-
ing mutant huntingtin aggregates. However, clearance of
huntingtin may also occur by autophagy. Ravikumar
et al. (140) have recently demonstrated that increased
intracellular glucose levels are neuroprotective in cul-
tured kidney cells transfected with a mutant huntingtin
construct containing 74Q. Reduced huntingtin exon 1
aggregation was also observed. Their results suggest that
this is due to increased autophagy as a consequence
of dephosphorylation of the authophagy regulator
rapamycin (mTOR), concomitant with phosphorylation
of glucose to glucose-6-phosphate (140,141). Glucose-
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mediated regulation of mTOR activity has other
implications for cell survival, because it is involved in
multible crucial cell processes, including growth and
translation of protein transcripts. Further, glucose is also
a possible regulator of Akt, which influences cell growth
and survival. Cell death in this model is abrogated by
overexpression of the GLUT1 astrocytic glucose
transporter. This may have direct consequences in HD,
as mutant huntingtin exon 1 expression in PC12 cell
lines downregulates GLUT1 expression (142), suggest-
ing an intrinsic mechanism of reduced clearance of
proteins including huntingtin in HD. This group detected
altered expression levels of four genes involved in
glucose metabolism in huntingtin transfected PC12 cells
(Glutl, Pfkm, Aldolase A, and Enolase), and also
demonstrated that augmented expression of Glutl and
Pfkm (another key regulatory protein for glycolysis)
rescued both COS7 and SK-N-SH cells from
polyglutamine-induced death. These observations raise
interesting questions regarding the possible conse-
quences of the initial increases in cerebral glucose uptake
detected in mutant mouse models of HD, suggesting that
perhaps a feedback loop to remove intracellular mutant
huntingtin is set in motion.

CONCLUSION

Studies in human postmortem tissue and in vivo
imaging techniques have indicated that defects in energy
metabolism contribute to neuronal decline at some stage
in the HD pathogenesis, but are insufficient to charac-
terize their exact roles. The availability of genetic ani-
mal models of the disease is now making it possible to
accurately elucidate the nature of this contribution and
its importance in modulating mutant huntingtin’s
toxicity. It is apparent from initial studies that the nature
of the genetic model itself affects the pathogenic profile
associated with expression of mutant huntingtin, and
effects on cerebral energy metabolism vary accordingly.
Thus an overview of effects in multiple models is grad-
ually building a picture of how huntingtin’s effects on
energy metabolism influences pathogenesis of the dis-
ease. It is still too early to identify the initial action of
mutant huntingtin that triggers selective neuronal dys-
function and cell death pathways, but evidence from both
mitochondrial toxin and genetic mouse models suggests
that energetic defects occur early in the pathogenic
process, and precede overt pathological and symptomatic
markers of disease onset. Further, there are tantalizing
reports that mutant huntingtin may itself have a direct
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interaction with mitochondria and that modulating
energy metabolism can affect gene transcription.
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Molecular chaperones, ubiquitin ligases and proteasome impairment have been implicated in several
neurodegenerative diseases, including Alzheimer’s and Parkinson’s disease, which are characterized by
accumulation of abnormal protein aggregates (e.g. tau and o-synuclein respectively). Here we report that
CHIP, an ubiquitin ligase that interacts directly with Hsp70/90, induces ubiquitination of the microtubule
associated protein, tau. CHIP also increases tau aggregation. Consistent with this observation, diverse of tau
lesions in human postmortem tissue were found to be immunopositive for CHIP. Conversely, induction of
Hsp70 through treatment with either geldanamycin or heat shock factor 1 leads to a decrease in tau steady-
state levels and a selective reduction in detergent insoluble tau. Furthermore, 30-month-old mice
overexpressing inducible Hsp70 show a significant reduction in tau levels. Together these data demonstrate
that the Hsp70/CHIP chaperone system plays an important role in the regulation of tau turnover and the
selective elimination of abnormal tau species. Hsp70/CHIP may therefore play an important role in the
pathogenesis of tauopathies and also represents a potential therapeutic target.

INTRODUCTION

Neurodegenerative diseases as diverse as Alzheimer’s disease
(AD) and Parkinson’s disease (PD) share an obvious common
feature—aggregation and accumulation of abnormal proteins.
A large group of these diseases, known as the tauopathies, are
characterized by filamentous lesions in neurons and sometimes
in glia that are composed of aggregates of hyperphosphorylated
microtubule-associated protein tau (tau).

Tau promotes microtubule (MT) assembly, reduces MT
instability and plays a role in maintaining neuronal integrity
and axonal transport (1,2). Human tau protein is encoded by
a single gene on chromosome 17q21 that consists of 16 exons,
and central nervous system isoforms are generated by
alternative splicing involving 11 of these exons (3—7). Tau is a

phosphoprotein, predominantly expressed in neurons, where it
is largely localized in axons (8). During the development of tau
pathology, tau becomes hyperphosphorylated, detaches from
the axonal microtubules and aggregates. The abnormal tau
eventually accumulates in filamentous inclusions within
neuronal cell bodies and processes. The precise sequence of
events and the mechanisms involved in this process are not
fully understood, but it is clear that abnormal tau accumulation
and aggregation are sufficient to cause neurodegeneration. This
in turn leads progressively to the onset of clinical symptoms.
The primary tauopathies include Pick’s disease (PiD), cortico-
basal degeneration (CBD), progressive supranuclear palsy
(PSP) and frontotemporal dementia and parkinsonism linked
to chromosome 17 (FTDP-17). Tau also accumulates in AD,
where where the tau neurofibrillary pathology (e.g. tangles and
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neuropil threads) occurs with a second protein aggregate, the
amyloid plaque. The identification of exonic and intronic tau
gene mutations associated with FTDP-17 established that tau
dysfunction can cause neurodegeneration (9-11).

Unfolded or misfolded protein generated under diverse
conditions must be either refolded by molecular chaperones,
for instance Hsc/Hsp70 and Hsp40, or eliminated by the ubi-
quitin proteasomal system (UPS) through an energy-dependent
process and concerted action of a number of molecules,
including specific ubiquitin ligases. CHIP (carboxyl terminus
of the Hsc70-interacting protein) is a molecule with dual
function: (i) a co-chaperone of Hsp70 linked through the
tetratricopeptide repeat (TPR) domain of CHIP; and (ii)
possessing intrinsic E3 ubiquitin ligase activity (U-box domain)
which promotes ligation/chain elongation for substrates (12—-16).
It is structurally similar to RING finger motifs typical of E3
ligases, like parkin. CHIP interacts functionally and physically
with the stress-responsive ubiquitin-conjugating (E2 conjugase)
enzyme family UBCHS. Thus CHIP is a bona fide ubiquitin
ligase which provides a direct link between the chaperone and
UPS and has been suggested to contribute in regulating the
cellular balance between folding and degradation (17).

Recently, Imai et al. (18,19) showed that CHIP, Hsp70,
parkin and PAELR formed a complex in vifro and in vivo.
Unfolded PAELR is a substrate of the E3 ubiquitin ligase
parkin and accumulation of non-ubiquitinated PAELR in the
endoplasmic reticulum (ER) of dopaminergic neurons induces
ER stress, leading to neurodegeneration (19). CHIP promo-
tes the dissociation of Hsp70 from parkin and PAELR, thus
facilitating parkin-mediated PAELR ubiquitination. Moreover,
CHIP enhances parkin-mediated in vitro ubiquitination of
PAELR in the absence of Hsp70. CHIP also enhances the
ability of parkin to inhibit cell death induced by PAELR (18).

The role of the chaperones Hsp70/90 in tau biology has
previously been examined by Dou ef al. (20), who found an
inverse relationship between tau aggregation and chaperone
levels. Specifically, transgenic mice harboring the V337M tau
mutation, which develop hippocampal tau aggregates, had
lower levels of Hsp90 than control mice, suggesting that Hsp90
might be degraded along with aggregated tau. In addition, a
small number of neurons in the hippocampus that were devoid
of aggregated tau were observed to have significantly higher
levels of Hsp90. The same relationship between Hsp90 and
Hsp70 and tau aggregates in post-mortem samples from a
single human AD brain were also reported (20).

In cell cultures transfected with tau constructs increased
levels of both Hsp70 and 90, induced by treatment with
geldanamycin, led to an ~80% reduction in levels of
aggregated, detergent-insoluble tau. This reduction, however,
was not accompanied by a decrease in total tau levels, but
rather by a redistribution of tau from the insoluble fraction to
the soluble fraction. The increased levels of soluble tau were
accompanied by an increase in microtubule-bound tau.
Reduction of Hsp70 or Hsp90 by RNAI caused the levels of
the microtubule-bound tau to decrease (20).

Overall, these studies suggest that abnormal tau accumula-
tion might be associated with perturbation of the major com-
ponents of the cellular protein quality control machinery—
molecular chaperones and the UPS. Hsp70/90 and other
chaperones identify proteins that require proper folding,

whereas aberrant unfolded proteins are directed to the UPS.
CHIP is a ubiquitin E3 ligase that is involved in ubiquitination
of Hsp70-bound proteins; this generally results in their
targeting to the proteasome. This is a tandem event (chaperone
and UPS activity) such that perturbation in either of these
systems might play a role in tau accumulation. Moreover,
evidence suggests that the Hsp70/90 chaperones and ubiquitin
ligases are neuroprotective and can suppress the toxicity
associated with abnormal protein accumulation in Drosophila
and mouse models of disease (21-24).

In the present study we examined the relationship between
CHIP/Hsp70 and tau and the role of this chaperone system in
tau degradation, ubiquitination and aggregation. We show that
CHIP associates with tau through the microtubule-binding
domain, is able to ubiquitinate tau and increases the level of
insoluble aggregated tau. In addition, a diversity of neuronal
and glial tau-related lesions in several neurodegenerative
disorders have CHIP immunoreactivity. This suggests that
CHIP may play a role in the formation of, or cellular response
to, fibrillary tau lesions. Hsp70 also binds to tau, but has
opposing effects. Hsp70 decreases tau steady-state levels and
selectively reduces insoluble and hyperphosphorylated tau
species. Together, these data suggest that the Hsp70-CHIP
chaperone system plays an important role in tau biology and in
the pathogenesis of tauopathies.

RESULTS

CHIP interacts with tau

Because Hsp70 is known to interact with tau, the major protein
species in neurofibrillary pathology, we investigated whether
the Hsp70 co-chaperone CHIP, an E3 ubiquitin ligase, was able
to interact with and ubiquitinate tau. Although CHIP has
several known substrates, none of these have been associated
with neurodegenerative disease.

To determine if CHIP and tau interact we first conducted co-
immunoprecipitation experiments. Myc-tagged CHIP, parkin
and Hsp70 were separately co-transfected with V5-tagged tau
into HEK293 cells and then immunoprecipitation was
performed with the V5 antibody. Detection of co-immunopre-
cipitating species was performed by western blotting with the
Myc-tag antibody. Tau was found to co-immunoprecipitate
with CHIP and Hsp70 (Fig. 1A). Tau also co-immunoprecipi-
tated with parkin, an E3 ligase associated with autosomal
recessive juvenile parkinsonism (25). This was not surprising
given that parkin has previously been shown to interact with
CHIP and that there is considerable structural homology
between these two E3 ligases. To determine whether CHIP and
tau interact in vivo, we performed co-immunoprecipitation
using an antibody against CHIP in brain homogenates from
transgenic mice (JNPL3 line) expressing mutant (P301L) tau
(26). Western blot analysis was then performed with an anti-
body against tau (Fig. 1B). Tau co-immunoprecipitated with
CHIP (Fig. 1B). These data clearly support the physiological
and potential pathological relevance of the observed CHIP-tau
interaction.

Using co-immunoprecipitation and in vitro binding assays,
we next examined which regions of CHIP are necessary for the
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Figure 1. Tau associates with CHIP. (A) Interaction of Tau with CHIP, Hsp70 and parkin. Lysates from HEK293 cells transfected with an LacZ vector (Control),
myc-tagged CHIP, myc-tagged Hsp70 or myc-tagged parkin and V5-tagged tau were immunoprecipitated with anti-VS5 antibody. Immunoprecipitates (IP) and total
soluble lysates (total lysate) were analyzed by western blotting (WB). (B) /n vivo interaction of tau with CHIP in brain tissue. Mouse brain tissue from P301L
transgenic mice (JNPL3) was homogenized as described in Experimental Procedures, The supernatant fractions were immunoprecipitated with anti-CHIP
(CHIP), anti-E1 (+) or an irrelevant (—) polyclonal antibody. The co-precipitated tau was detected by western blotting using TauS. An asterisk indicates the

IgG light chain. The arrow indicates native tau species.

interaction with tau. CHIP contains two major structural
motifs—a TPR motif and a U-box domain. The TPR motif
is required for interaction with Hsc70 and Hsp90, while the
U-box domain has ubiquitin ligase activity (Fig. 2A). To
determine the site of interaction of CHIP with tau, we moni-
tored the interaction of tau with these two domains of CHIP.
The TPR mutant (C1; 1-189 amino acids) and U-box mutant
(C2; 145-303 amino acids) both failed to bind to tau; in
contrast, full-length CHIP bound strongly to tau (Fig. 2C).
Although these results did not reveal a specific binding domain
of CHIP with tau, it is conceivable that the interaction with tau
requires both domains, as might be expected if complex
formation with Hsp70 is required for the tau—CHIP interaction,
or one of these domains and a third undefined region of CHIP.
A series of truncated tau constructs were also generated
to determine the domain of tau that interacted with CHIP
(Fig. 2B). These experiments demonstrated that residues 187—
311 contain the region of the tau protein necessary for
interaction with CHIP. This includes the microtubule binding
domains and the region immediately N-terminal (Fig. 2C).

CHIP ubiquitinates tau

To ascertain whether CHIP or parkin ubiquitinates tau, HEK293
cells were transfected with myc-tagged parkin or myc-tagged

CHIP, V5-tagged tau and HA-tagged ubiquitin (Fig. 3A). Two days
later, immunoprecipitation was performed with an antibody
against V5 and probed with an antibody against HA to assess
the degree of tau ubiquitination. Immunoprecipitated tau showed
prominent anti-HA (ubiquitin) immunoreactivity in CHIP-
transfected cells, with ubiquitin positive species appearing as
mulitple higher molecular weight species, possibly representing
oligomeric and multimeric ligations (Fig. 3A). To characterize the
effect of Hsp70 on CHIP-mediated tau ubiquitination, cells were
transfected as described above; however, they were also transfected
with myc-tagged Hsp70 in the presence of CHIP. As shown in
Figure 3B, Hsp70 attenuates CHIP activity, suggesting that Hsp70
antagonizes CHIP ubiquitination of tau. We further explored
which ubiquitin lysine linkage (K48 or K68) was primarily
responsible for ubiquitination of tau. Ubiquitin linkage through
K48 is associated with proteasome targeting, while K68 ubiquitin
linkage appears to be involved in cellular signaling/DNA repair
(27). HEK293 cells were transfected with myc-tagged CHIP,
V5-tagged tau and HA-tagged wild-type ubiquitin, K48 or K63
constructs. K48 and K63 refer to the particular lysine amino
acid used to link the ubiquitins to each other. CHIP-mediated
ubiquitination of tau did not discriminate between K48 or K63
type ubiquitin linkage suggesting that both types of linkage occur
in tau (Fig. 3C). This has potential functional implications for the
role of ubiquitination in tau biology. A further study showed that
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Figure 2. CHIP preferentially interacts with the microtubule-binding domain of tau and tau binding requires full-length CHIP. (A) Diagrammatically representation
of full-length CHIP and the two structural domains (C1 and C2) used to determine the Tau binding. (B) Diagrammatically representation of tau and the three
domains (T1, T2 and T3) used to determine the CHIP binding domain. (C) Lysates prepared from HEK293 cells transfected with V5-tagged tau and various
myc-tagged CHIP domain constructs and various V5-tagged tau domains constructs and myc-CHIP and subjected to IP with anti-V5 followed by anti-myc immu-
noblotting. Lysates (inputs) were immunoblotted with either anti-V5 or anti-myc antibodies. The asterisk indicates IgG light chain. A representative result from

three experiments is shown.

the amount of multimeric ubiquitinated tau (>200 kDa) increased
dramatically after the cells were treated with the proteasome
inhibitor MG-132, suggesting that a proportion of tau is degraded
through the proteasome (Fig. 3D). In particular, it would appear
that tau carrying long ubiquitin chains in the soluble fraction is
degraded by the proteasome.

To verify the functional interaction between CHIP and tau,
we reconstituted the ubiquitination reaction in vifro. In this
experiment, immunoprecipitated CHIP or parkin and recombi-
nant His-tagged tau were combined with other essential com-
ponents for in vitro ubiquitination, including ATP and E2
conjugases. Again, immunoprecipitated CHIP, but not parkin,
ubiquitinated tau (Fig. 4), demonstrating that tau is a substrate
of CHIP. Further, when the western blot was re-probed with an
antibody against the His-tag on tau, a ladder of species was
observed, confirming that tau was directly ubiquitinated by
CHIP. Finally, we observed that, in the absence of additional
cellular components, Hsp70 had no impact on tau ubiquitina-
tion by CHIP; this is in contrast to the attenuation associated
with increased Hsp70 activity observed in the in vivo ubi-
quitination studies. This suggests that in vivo an additional
component of the complex or a particular Hsp70 conformation
is required to down regulate tau ubiquitination by CHIP.

CHIP immunoreactivity in human
neurodegenerative tauopathies

To evaluate the potential pathological significance of
the interaction between tau and CHIP, we examined the

immunolocalization of CHIP in postmortem brain sections
of different human tauopathies, including AD, PSP, CBD,
FTDP-17 and PiD, as well as JNPL3 transgenic mice that
express mutant (P301L) tau. CHIP immunoreactivity was detec-
ted in a wide range of tau-positive lesions in both neurons and
glia, including neurofibrillary tangles (NFTs; Fig. SA) and
dystrophic neurites in neuritic plaques (Fig. 5B) of AD, Pick
bodies in PiD (Fig. 5C), globose NFTs (Fig. 5D) and tufted
astrocytes (Fig. SE) in PSP, and oligodendroglial coiled bodies
and thread-like processes in CBD (Fig. SF).

To confirm CHIP co-localization with tau lesions, serial
sections from PiD, were immunostained with anti-phospho-tau
(CP13; Fig. 5G) and with antibodies anti-CHIP (Fig. SH), and
to ubiquitin 3-39 (Fig. 5I).

The degree of CHIP immunoreactivity correlated to the
predominant isoform of tau in the lesions, with 3R tauopathies
showing more immunoreactivity than 3R+4R tauopathies or 4R
tauopathies. Specifically, there was more robust CHIP immuno-
reactivity in Pick bodies (3R) than in NFTs in AD (3R+4R).
Almost all Pick bodies were also ubiquitin-immunoreactive on
adjacent sections stained for ubiquitin. In adjacent sections
of AD stained for ubiquitin, most of the CHIP-positive NFTs
were also ubiquitin-immunoreactive. The major exception was
extracellular NFT, which had no CHIP-immunoreactivity yet
variable ubiquitin immunoreactivity. Pre-tangles, neurons with
non-fibrillar abnormal phospho-tau immunoreactivity, were
negative for CHIP (data not shown). There were only a few
NFTs stained in PSP, CBD and FTDP-17. These were all 4R
tauopathies and neurofibrillary lesions in these disorders had
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Figure 3. Tau tends to be ubiquitinated in vivo. (A) CHIP, not parkin, mediates tau ubiquitination. V5-tagged Tau cDNA combined with empty vector, untagged
parkin or myc-tagged CHIP and HA-Ub construct were transfected into HEK293 cells. Immunoprecipitates with anti-V5 mAb (V5-IP) immunoblotted with HA
mAD to assess the amount of ubiquitination. Total soluble lysates (inputs) were analyzed by western blotting using anti-myc, anti-V5 or anti-parkin. (B) Hsp70
attenuates CHIP activity. V5-tagged Tau cDNA combined with empty vector, myc-tagged CHIP and myc-tagged Hsp70 and HA-Ub construct were transfected
into HEK293 cells. Immunoprecipitates with anti-V5 mAb immunoblotted with HA mAb to assess the amount of ubiquitination. Total soluble lysates (inputs)
were analyzed by western blotting using anti-myc, anti-VS5 or anti-parkin. (C) CHIP ubiquitinates tau through K48 and K63 ubiquitin linkages. V5-tagged Tau
¢DNA combined with myc-tagged CHIP (or vector as a control) and HA-tagged wild type or K48 or K63 ubiquitin mutants were transfected into HEK293 cells.
Immunoprecipitates with anti-VS mAb immunoblotted with HA mAb to assess the amount of ubiquitination. Total soluble lysates (inputs) were analyzed by wes-
tern blotting using anti-myc or anti-V5. (D) Proteasome inhibition increases CHIP-mediated ubiquitination of tau. V5-tagged Tau cDNA combined with either
empty vector or myc-tagged CHIP and HA-tagged ubiquitin were transfected into HEK293 cells. Thirty-six hours post-transfection cells were exposed to
MG132 (5uM, 12h). Immunoprecipitates with anti-VS and immunoblotted with HA mAb to access the amount of ubiquitination. Total soluble lysates (inputs)
were analyzed by western blotting using anti-myc or anti-VS5,

almost no ubiquitin immunoreactivity. Only a few glial lesions
in the latter 4R tauopathies were CHIP-immunoreactive.
Overall, the number of CHIP immunoreactive lesions was
50-70% for PiD, 5-10% for AD and 1-5% for both PSP and
CBD. These data suggest a role for CHIP in pathologies
involving tauopathies in humans. Similar to humans, neurofi-
brillary lesions in spinal cord sections of JNPL3 mice, which
contain mutant 4R tau, were weakly immunoreactive for CHIP
and ubiquitin, yet strongly positive for phospho-tau (data not
shown).

Controls for specificity of CHIP included omission of
primary antibody and absorption with CHIP synthetic peptide.
These sections showed no immunoreactivity in Pick bodies
(Fig. 5K) or NFTs (data not shown).

Effects of CHIP and Hsp70 on accumulation of
detergent-insoluble tau

To examine the impact of CHIP-mediated ubiquitination on tau
aggregation, COS-7 cells were transfected with a mutant
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Figure 4. In vitro ubiquitination of tau by CHIP. The ubiquitination of Tau by
CHIP (or parkin) was reconstituted by using immunoprecipitated myc-tagged
parkin and myc-tagged CHIP from transfected HEK293 cells with the addition
of purified UBCH7 or UBCHSb and the additional essential components for
in vitro ubiquitination (see Materials and Methods). The reaction products
were analyzed by western blot analysis with both anti-ubiquitin and anti-His
antibodies. Inputs were immunoblotted with anti-myc antibodies. Brackets
and molecular marker at 220kDa indicate both Tau and ubiquitin-positive
high molecular species. All experiments were replicated twice with similar
results.

(P301L) tau expression construct in the absence or presence of
either CHIP or Hsp70. Total tau was extracted and then frac-
tionated into triton-soluble and insoluble pools. Transfection
of CHIP dramatically increased the accumulation of high
molecular weight aggregated tau species in the detergent
(triton) insoluble fraction (Fig. 6), detected by western blot
analysis with the TauS and El antibodies. The apparent
molecular weight of these aggregated tau species ranged from
~90 kDa to large enough to be retained in the stacking gel. In
contrast, expression of Hsp70 selectively reduced the amount
of detergent insoluble tau to the point where little or no tau
partitioned into the detergent-insoluble fraction. Although the
level of insoluble tau was selectively reduced by Hsp70
transfection, there was no corresponding increase in detergent-
soluble tau levels, which were also reduced relative to non-
transfected cells (Fig. 6).

Induction of Hsp70 reduces tau levels in vitro and in vivo

To further explore the relationship between Hsp70 and tau
steady-state levels in vitro we upregulated Hsp70 through
geldanamycin (GA) treatment and activated heat shock factor 1
[(HSF-1 (+)] transfection (28). GA is a naturally occurring
benzoquinone ansamycin that specifically binds to and
interferes with the activity of the molecular chaperone Hsp90
(29), a negative regulator of heat-shock factor 1 (HSF-1),
which regulates the transcription of several molecular chaper-
ones, including Hsp70 (28,30). M17 human neuroblastoma
cells, which express significant levels of endogenous tau, were
either treated with GA or transfected with a mutant
(constitutive active) form of HSF-1 (mHSF-1). As shown in
Figure 7, treatment with GA reduced tau levels in a dose-
dependent manner. Similar results were observed in cells
transfected with mHSF-1. Both GA and mHSF-1 increased
Hsp70 levels, with mHSF-1 causing the greater induction of the
molecular chaperones (Fig. 7). HSF-1 (4), but not GA, also
caused an increase in Hsp40 levels, suggesting that Hsp40 is
unlikely to be necessary for the reduction of steady-state tau
levels produced by these two treatments.

Based on the results described above, Hsp70 appears likely to
be involved in regulating tau metabolism, especially the
turnover of triton-insoluble species. To obtain additional
evidence supporting this idea, we assessed the amount of
endogenous tau in the brains of old mice overexpressing the
inducible form of Hsp70 (31). There was no significant
difference in age between transgenic and control littermates
(30.6+ 5.1 and 28.3+2.1 months of age for non-transgenic
and TgHsp70i mice, respectively). Whole brain homogenates
from three non-transgenic and three tgHsp70 mice were
homogenized and separated into 1% Triton X-100-soluble or
-insoluble fractions., The fractions were then immunoblotted
using Tau46, a polyclonal antibody to a carboxyl terminal
epitope in tau that detects all forms of human and mouse tau
(Fig. 8A). The amount of tau was normalized to B-actin levels
in the brain of each mouse. Tau levels in TgHsp70 mice in both
the soluble and insoluble fractions were significantly lower
(~50% lower in both fractions) compared with NT mice
(Fig. 8A and B). Moreover, high molecular weight triton-
insoluble tau species present in the stacking gel that were
observed in the very old NT mice were absent in the age-
matched TgHsp70 mice (Fig. 8B). Tau levels were normalized
to P-actin from the same gel from either the soluble or
insoluble fractions with all the mice in the study. Statistical
significance was estimated using Student’s #-test for difference
between NT and tgHsp70i mice in both fractions (*P < 0.01,
**P <0.001).

DISCUSSION

In the current study, we identified tau as a substrate for the
ubiquitin ligase—chaperone protein CHIP. We concluded that
tau is an authentic substrate of CHIP from the following
evidence: first, CHIP interacts with tau and is specifically
ubiquitinated by CHIP in vivo and in vitro in the presence of
the E2 conjugase, UbcHSb. Second, proteasome inhibition
augmented CHIP-mediated tau ubiquitination and promoted
the insolubility of tau in triton-X-100 detergent. Finally, CHIP
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Figure 5. CHIP immunoreactivity is present in a diversity of neurodegenerative tauopathies. Immunostaining of CHIP in several tauopathies. (A) NFT in AD,
(B) dystrophic neurites in senile plaques in AD, (C) Pick bodies in PiD, (D) globose NFT in PSP, (E) tufted astrocyte in PSP and (F) oligodendroglial coiled bodies
and threads in CBD. CHIP co-localization with tau and ubiquitin was visualized using serial sections immunostained for phospho-tau with CP13 (G), CHIP (H)

and anti-ubiquitin 3-39 (I). CHIP staining in PiD case (J) and preabsorption with CHIP synthetic peptide (K).



710  Human Molecular Genetics, 2004, Vol. 13, No. 7
Soluble Insoluble
Piol, -+t + # w 4 4
Myc-CHIP -~ -+ - = -+ =

Myc-Hsp70 - -

anti-Taus

anti-Ub

anti-myc

-t = -+

Stacking
97

45

Stacking
et {4

45
LacZ

HIP

Figure 6. CHIP increases, Hsp70 suppresses tau aggregation. CHIP increases and Hsp70 decreases the accumulation of insoluble Tau in the COS7 cells. Cells
transfected with vector plasmid (lacZ) or construct for mutant tau (P301L) combined with construct for mock (Control), myc-tagged CHIP or myc-Hsp70, were
lysed and separated into 1% Triton X-100-soluble (S) or -insoluble (I) fractions, then immunoblotted with TauS. Membrane was stripped and re-probed with anti-
ubiquitin. Soluble fraction was used to demonstrate expression of respective constructs.

immunoreactivity was present in a range of tau lesions in
several neurodegenerative tauopathies, especially those in
which 3R tau is present in pathologic lesions, such as PiD
and AD. The tauopathies with CHIP immunoreactivity were
also those that have been shown in other studies to have
ubiquitin-positive lesions (32). In contrast, disorders such as
PSP or CBD in which lesions show almost no ubiquitin
immunoreactivity were also negative for CHIP (35-38).

In this study, we found that CHIP mediated ubiquitination of
tau. Moreover, both CHIP and Hsp70 interact with tau,
suggesting that these two proteins act in concert to control
tau metabolism. In fact, overexpression of Hsp70, in cells,
attentuated the ubiquitination of tau induced by CHIP (Fig. 3B).
These results suggest that Hsp70 and CHIP interact at the
functional and/or cellular level. Interestingly the negative effect
of Hsp70 on tau ubiquitination was not observed with in vitro
assays, suggesting that additional chaperones that interact with
the Hsp70/CHIP complex might play a role in vivo.
Furthermore, it appears that a proportion of the tau ubiquiti-
nated by CHIP via K48 ubiquitin linkage is consistent with the
observed evidence of proteasome degradation of poly-ubiqui-
tinated tau; however, tau was also ubiquitinated via K63
ubiquitin linkage, suggesting an alternative cellular fate for
these species possibly including altered distribution and
aggregation.

Although Dou et al. (20) reported that increased levels of
Hsp70 reduce tau aggregation, which is in accord with results

of the present study, they did not determine if this was a result
of a reduction in tau levels (Figs 7 and 8), as our data indicate,
rather than a redistribution of tau. Our data would further
suggest that the CHIP and Hsp70 levels are critical to tau
physiology such that excess CHIP would promote tau
aggregation whereas Hsp70 would suppress it. In our model
systems, insoluble tau aggregates represented a small fraction
of total tau protein, which is a consistent observation in several
tauopathies, including AD. Hsp/Hsc70 may protect against tau
aggregation, neurofibrillary degeneration and neurotoxicity.
Our data argue that Hsp70 (with CHIP) may be a critical deter-
minant of normal tau degradation and may possibly be involved
in the pathogenesis of human tauopathy. In this scheme, mole-
cular chaperones would mediate tau degradation and directly or
indirectly prevent tau aggregation and the toxicity associated
with this protein. The balance between CHIP and Hsp70 levels
may well be critical. Dai ef al. (33) have recently shown that
CHIP regulates activation of Hsp70 through induced trimeriza-
tion and transcriptional activation of HSF-1. The activation of
HSF-1 by CHIP emphasizes that a single protein (i.e. CHIP)
within the complex can regulate major and often diametrically
opposed chaperone activities (Hsp70) to alter the metabolism
of substrate, in this case tau (33).

Although CHIP has been implicated in the ubiquitination
of several substrates, including unfolded CFTR, glucocor-
ticoid receptor and androgen receptor (14-16), tau is the
first CHIP substrate that has been implicated in a number of
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Figure 7. Induction of molecular chaperones decreases tau steady-state levels. M17 human neuroblastoma cell lines expressing endogenous tau were treated with
geldanamycin (GA) at 1, 10 and 100 nM or transfected with activated heat shock factor 1 at 1, 1.5 and 2 pg DNA for 48 h. Cells were lysed and immunoblotted with
Tau5 mAb. Membranes were stripped and sequentially re-probed with monoclonal antibodies to Hsp70, Hsp40, Hsp90 and GADPH (for protein loading).

neurodegenerative diseases. It is also clear that the another
member of this chaperone complex, Hsp70, is involved in tau
metabolism. Although many questions remain, the multiple
effects of the Hsp70/CHIP chaperone system on tau biology
make it of interest as a potential therapeutic target for the
human tauopathies including AD.

MATERIALS AND METHODS

Expression vectors, cell culture and antibodies

¢DNAs for parkin, tau (4RON=+ P301L), Hsp70 and CHIP were
cloned into the mammalian expression vector pcDNA31.1 (Myc-
or V5-tagged). Deletion constructs targeted for the respective
domains were cloned into similar expression vectors. Ubiquitin
constructs were obtained from Dr Ted Dawson (Johns Hopkins).
A mutated cDNA sequence encoding an HSF1 lacking residues
203-315 was inserted into vector pcDNA3.1 to prepare exp-
ression construct HSF1(+). The integrity of all constructs was
confirmed by automated sequencing.

COS-7 and HEK-293 cells were maintained in Optimem (Life
Technologies) supplemented with 10% fetal bovine serum (Life
Technologies), heat inactivated. Cells were transfected using
Lipofectamine 2000 (Life Technologies) or FuGene6 (Roche)
incubated for 48h and treated as previously described. Human
M17 Neuroblastoma cell lines stably overexpressing vector, wild-
type tau (4RON) and P301L cell lines were maintained in DMEM
(Life Technologies) supplemented with 10% fetal bovine serum
heat inactivated, glutamine, and 500 pgml~" G418.

CHIP polyclonal antibody was obtained from Abcam; HA and
Myec antibodies was obtained from Roche; parkin antibody was

obtained from Cell Signaling; Tau5 was generously provided by
Dr Binder (Northwestern University); Hsp70 antibody was
obtained from Stressgen abs; E1, human specific tau and Tau46
antibody were obtained from Dr Shu-Hui Yen (Mayo Clinic);
CP13 (phospho-tau ser202) was obtained from Peter Davies
(Albert Einstein College of Medicine) and ubiquitin 3-39 from
Signet. HRP-coupled anti-mouse and anti-rabbit secondary
antibodies were obtained from Jackson Immunoresearch,
Ubiquitin polyclonal antibodies were obtained from Dako. His
monoclonal antibody was obtained from Calbiochem. LB509 to
a-synuclein (Zymed, San Francisco, CA, USA). Hsp40 and
Hsp90 were obtained from BD Transduction laboratories. Hsp70
was obtained from Stressgen.

Ubiquitination assays

In vitro. Reactions were performed in 50 pl mixture containing
50mM Tris—HCI, pH 7.5, 2.5mM MgCl, 10mM DTT, 4 mM
ATP, 10pg ubiquitin (Sigma), 500ng of El (Calbiochem,
San Diego, CA, USA), 200ng of UbcH7 or UbcHSb (Affinti-
Research, Exeter, UK), immunoprecipitated myc-tagged parkin
or myc-tagged CHIP and 2pg recombinant monomeric his-
tagged tau (Dr Binder). Reactions were carried out for 2h at
37°C before terminating with an equal volume of 2x SDS sam-
ple buffer. The reaction products were then subjected to western
blot analysis with anti-ubiquitin (Dako, Carpinteria, CA, USA),
Tau$ or anti-His antibodies.

In vivo. HEK293 cells were transfected with 4ug of
V5-tagged tau or 4 pg Myc-tagged parkin, Myc-tagged CHIP
or Myc-tagged CHIP and Myc-tagged Hsp70 and 4pg of
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Figure 8. Tau levels in brains of mice overexpressing inducible form of Hsp70. (A, B) Whole brain tissues from 30-month-old normal (NT) or transgenic mice
expressing the Hsp70 transgene were separated into 1% Triton X-100-soluble or -insoluble fractions, then immunoblotted with Tau46. Membrane was stripped and
re-probed with anti-Hsp70 and anti-B-actin (control for protein loading). There was no significant difference between mice (30.6+ 5.1 and 28,3+ 2.1 months of age
for NT and TgHsp70i, respectively). Tau normalized to B-actin from the same gel from either the soluble or insoluble fractions on all mice examined. Statistical
significance was estimated using Student’s -test for difference between NT and tgHsp70i mice in both fractions. *P < 0.01; **P < 0.001.

pRK5-HA-wild-type ubiquitin, pRK5-HA-K48-ubiquitin, or
pRK5-HA-K63—ubiquitin plasmids. After 48 h, immunopreci-
pitation was performed with an antibody against V5. The pre-
cipitates were submitted to western blotting with an antibody
against HA.

Co-immunoprecipitation

For co-immunoprecipitation from cell cultures, HEK293 cells
were transfected with 4 pug of each plasmid. After 48 h, cells

were washed with cold PBS and harvested in immunoprecipi-
tation buffer (0.1% Triton X-100, 2 pg/ml aprotinin, 100 pg/ml
PMSE, 100 mM NaCl in 50 mM Tris—HCl, pH 7.2). The lysate
was sonicated, pre-cleared for 1 h at 4°C with 25 pl of protein G
(Pierce) and centrifuged at 14 000 rpm. The supernatants were
incubated with 2pg of an antibody against V5 (Life
Technologies) and 60pul of protein G and rocked at 4°C
overnight. The protein G beads were pelleted and washed three
times with immunoprecipitation buffer. The precipitates were
resolved on SDS-PAGE gel and subjected to western blot




analysis. Bands were visualized with chemiluminescence
(Pierce, Rockford, IL, USA).

For co-immunoprecipitation of proteins from mice, whole
brains from adult mice expressing the P301L transgene brain
(or non-transgenic mice as controls) were homogenized in
4vols of ice-cold PBS containing 320 mM sucrose and 0.1%
Triton X-100 with protease inhibitor cocktail (Sigma). The
tissue homogenate was centrifuged at 37000g at 4°C for
20 min. The supernatant was collected and 500 pg of protein
was used for immunoprecipitation with one of the following
antibodies: anti-CHIP, anti-E1 or anti-GFP (irrelevant anti-
body). The precipitates were subjected to western blot analysis
and immunoblotted with Taus5.

M17 human neuroblastoma cells were either treated with GA
(100 nM) or transfected with mHSF-1 (1, 1.5 and 2 pg DNA) for
48 h. Cells lysates were 1% Triton—PBS plus protease inhibitors.
The precipitates were subjected to western blot analysis and
immunoblotted with Tau5 and HSPs 70, 40 and 90.

Immunohistochemistry

Pre-absorption and specificity testing of polyclonal anti-CHIP
antibody. CHIP peptide was re-suspended in 1% BSA in PBS
to a concentration of 1mgmL~'. The peptide solution was
added to diluted CHIP antibody in TBST to obtain a final dilu-
tion of 1:500. The mixture was rocked for 1h at room tem-
perature. The mixture was centrifuged at 13 500g for 2 min.
The supernatant was separated from the pellet. Serial sections
(5 um thick) from a PiD case were deparaffinized and rehy-
drated in xylene and graded series of alcohol (100, 100, 95
and 70%). Antigen retrieval was performed in dH,O in steam
bath for 30 min. The sections were allowed to cool. The super-
natant and diluted CHIP antibody (1 : 500 in TBST) were used
for immunohistochemistry on the DAKO Autostainer
(DakoCytomation, Carpinteria, CA, USA) using the DAKO
EnVision HRP system on the serial sections. DAKO Liquid
DAB Substrate—-Chromogen system was the chromogen. The
slides were then dehydrated and coverslipped.

Single antibody staining. Paraffin serial sections (5 pm thick)
were used for immunohistochemistry from, diffuse Lewy body
disease (n = 6), multiple system atrophy (n = 2) JNPL3 and lit-
termate control mice (one each), AD (n=2), PiD (n=4), PSP
(n=2), CBD (n=2), and FTDP_17 (n =2). The sections were
then processed the same as above. Primary antibodies used in
the serial sections were: CHIP (1:250), CP13 (1:500) and
3-39 (1:200 000). In Lewy body disease and multiple system
atrophy cases anti-synuclein (LB509, 1:100) replaced CP13.
All antibodies were diluted in DAKO Antibody Diluent with
background reducing components.

Fractionation experiments

For triton soluble/insoluble fractionation experiments, cells or
tissue were lysed in a buffer containing PBS with 1% Triton X-
100 and a cocktail of protease inhibitors. After sonication, cells
were centrifuged at 100000 g at 4°C for 30 min. Triton X-100
insoluble pellets were dissolved in a buffer containing 1%
Triton X-100/1% SDS. The soluble and insoluble fractions
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were used in western blot analysis using the antibodies
described in the figure legend.
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NOTE ADDED IN PROOF

Very recently Shimura et al. (34) reported that tau binds to
Hsc70 and phosphorylation is a requirement for ubiquitination
by CHIP. In addition, CHIP was able to rescue phosphorylated
tau-induced toxicity. Our data, while generally consistent with
the findings of Shimura ef al., extends our understanding of the
interaction between the Hsp70/CHIP chaperone system and tau
by demonstrating the in vivo co-localization of CHIP with tau
lesions in human patients with tauopathy and further by
exploring the antagonistic action of Hsp70 and CHIP on tau
ubiquitination and aggregation. In addition, while Shimura et
al. report that CHIP ubiquitination is dramatically enhanced by
GSK-3f driven phosphorylation of tau, our data show that
GSK-3f phosphorylation is not absolutely required for CHIP to
ubiquitinate tau.
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Mice deficient in dihydrolipoamide dehydrogenase show increased
vulnerability to MPTP, malonate and 3-nitropropionic acid
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Abstract

Altered energy metabolism, including reductions in activities of
the key mitochondrial enzymes o-ketoglutarate dehydroge-
nase complex (KGDHC) and pyruvate dehydrogenase com-
plex (PDHC), are characteristic of many neurodegenerative
disorders including Alzheimer's Disease (AD), Parkinson's
disease (PD) and Huntington’s disease (HD). Dihydrolipoa-
mide dehydrogenase is a critical subunit of KGDHC and
PDHC. We tested whether mice that are deficient in dihydro-
lipoamide dehydrogenase (DId*") show increased vulnerab-
ility to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
malonate and 3-nitropropionic acid (3-NP), which have been
proposed for use in models of PD and HD. Administration of
MPTP resulted in significantly greater depletion of tyrosine

hydroxylase-positive neurons in the substantia nigra of Did*"~
mice than that seen in wild-type littermate controls. Striatal
lesion volumes produced by malonate and 3-NP were signi-
ficantly increased in DId*~ mice. Studies of isolated brain
mitochondria treated with 3-NP showed that both succinate-
supported respiration and membrane potential were sup-
pressed to a greater extent in DId*~ mice. KGDHC activity
was also found to be reduced in putamen from patients with
HD. These findings provide further evidence that mitochond-
rial defects may contribute to the pathogenesis of neurode-
generative diseases.

Keywords: Alzheimer, Huntington, mitochondria,
degenerative diseases, Parkinson, oxidative damage.
J. Neurochem. (2004) 88, 1352—1360.

neuro-

There is accumulating evidence that the o-ketoglutarate
dehydrogenase complex (KGDHC) is involved in neurode-
generative disorders. KGDHC activities are reduced in
postmortem brain tissue of patients with Parkinson’s disease
(PD) (Mizuno et al. 1990; Gibson et al. 2003), and in both
postmortem brain tissue and fibroblasts of patients with
Alzheimer’s disease (AD) (Gibson et al. 1988; Butterworth
and Besnard 1990; Mizuno et al. 1990; Sheu et al. 1994;
Kish et al. 1999). Interestingly, the KGDHC defect is found
in postmortem brain tissue of patients with the Swedish
amyloid precursor protein 670/671 mutation, which causes
familial AD (Gibson et al. 1998). The enzyme is inactivated
by oxidative stress induced by 4-hydroxynonenal, H,0, and
peroxynitrite (Chinopoulos et al. 1999; Park et al. 1999;
Gibson et al. 2002).
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KGDHC is a member of the a-ketoacid dehydrogenase
complex family (Gibson et al. 2000a). This family also
includes the pyruvate dehydrogenase complex (PDHC) and
branched chain a-ketoacid dehydrogenase complex. Dihydro-
lipoamide dehydrogenase (EC 1.6.4.3) (encoded by Dld
gene), which is also known as E3, is a critical subunit shared
by all three dehydrogenases. It is a flavin-containing protein
that transfers reducing equivalents from a dihydrolyl moiety
to NAD", to form NADH and complete the catalytic process
of the complex. The product of the Did gene catalyzes the
oxidation of dihydrolipoyl moities of four mitochondrial
multienzyme complexes: PDHC, KGDHC, branched-chain
a-ketoacid dehydrogenase and the glycine cleavage system.

Mice with a deficiency of dihydrolipoamide dehydroge-
nase have been developed (Johnson et al. 1997). Homozy-
gous mice with disruption of the gene die in utero at a very
early gastrulation stage. The heterozygous mice develop
normally but have approximately half of wild-type activity
for E3, for all affected multienzyme complexes, and the
glycine cleavage system in liver and kidney (Johnson et al.
1997). In the present experiments we examined whether these
mice show altered vulnerability to the dopaminergic neuro-
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which has been used to model PD, and to malonate and
3-nitropropionic acid (3-NP), which have been used in
models of Huntington’s disease (HD) (Beal et al. 1993a,
1993b; Brouillet et al. 1995; Beal 2001).

Materials and methods

MPTP model

Heterozygous DId*" mice (C57BL/6), deficient in dihydrolipoa-
mide dehydrogenase, were produced as described previously and
genotyped using DNA extracted from the tail and a PCR assay
(Johnson et al. 1997). We examined 12 DId*" and 12 littermate
wild-type DId*"* mice at 3—4 months of age. All experiments were
carried out in accordance with the National Institute Health Guide
for the Care and Use of Laboratory Animals and all procedures were
approved by the local institutional animal care and use committee.
Mice were housed in a room maintained at 20-22°C on a 12-h light—
dark cycle with food and water available ad [libitum. We
administered MPTP to wild-type and DId*" mice at a dose of
20 mg/kg i.p. three times at 2-h intervals. Mice were killed 1 week
later and the striata dissected.

1-Methyl-4-phenylpyridinium (MPP*) levels

MPTP (20 mg/kg) was administered intraperitoneally three times at
2-h intervals. Mice were killed 90 min after the last injection. MPP"
levels were quantified by HPLC with UV detection at 295 nm.
Samples were sonicated in 0.1 M perchloric acid and an aliquot of
supernatant was injected on to a Brownlee aquapore X 03-224
cation exchange column (Rainin, Woburn, MA, USA). Samples
were eluted isocratically with 90% 0.1 mm acetic acid and 75 mm
triethylamine HCI, pH 2.3, adjusted with formic acid and 10%
acetonitrile.
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Malondialdehyde (MDA) assay

MDA levels were measured by HPLC with fluorescence detection in
striatal tissue at 18 h after administration of sodium phosphate-
buffered saline (PBS) or MPTP (Ferrante et al. 1997). Malondial-
dehyde standard (98% purity) and other chemicals were purchased
from Sigma (St Louis, MO, USA). Butylated hydroxytoluene
solution was prepared in 95% ethanol to a final concentration of
0.05%. 2-Thiobarbituric acid was dissolved in water on a stirring
hot-plate at 50-55°C to a concentration of 42 mm. The MDA
standard was prepared with 40% ethanol solution. Standard curves
were made with a series of MDA concentrations from 0.001 to
1.0 mM and a blank.

Brain tissues were homogenized in 40% ethanol. Sample
derivatization was carried out in 2-mL plastic centrifuge tubes
fitted with screw-on caps. To a 50 pL aliquot of sample homogenate
or MDA standard, 50 pL butylated hydroxytoluene solution,
400 pL 0.44 M H3PO4 solution and 100 pL 2-thiobarbituric acid
solution were added. Sample tubes were capped tightly, vortex
mixed, then heated for 1 h on a 100°C dry-bath incubator.
Following heat derivatization, samples were placed on an iced
water bath (0°C) for 5 min to cool. Two hundred and fifty pL of
n-butanol was subsequently added to each vial for extraction of the
MDA -2-thiobarbituric acid complex. Tubes were vortex mixed for
5 min and then centrifuged for 3 min at 10 000 g to separate the
two phases. Aliquots of 100 pL were removed from the n-butanol
layer of each sample and placed in HPLC vials for analysis.

PDHC activity in brain tissue

Mice were decapitated and the heads were dropped into liquid N,
immediately. The brains were removed under liquid nitrogen. The
frozen brains were powdered in liquid N, and stored in liquid
N,-cooled cryo-vials (Corning Glass Works, Corning, NY, USA).
Homogenates (2% by brain weight) were prepared for measurement
of total and active forms of PDHC (Ksiezak-Reding er al. 1982;
Huang et al. 1994). To measure the PDHC activity in the active form,
the brain powders (2%) were homogenized in buffer without calcium
and magnesium (50 mm Tris-HCl, pH 7.2, 1 mm dithiothreitol,
50 pum leupeptin, 0.4% Triton X-100). To measure total PDHC
activity, the brain powder (2%) was incubated in the same buffer with
the addition of 10 mm MgCl, and 1 mm CaCl, at 37°C for 30 min
before assay. The total and active forms of PDHC for each brain were
assayed in triplicate by monitoring the rate of acetyl-CoA formation
as determined by its coupling to the acetylation of p-(p-aminophe-
nylazo)-benzene sulfonic acid by arylamine N-acetyltransferase.
PDHC activities were measured for 30 min at 37°C by following the
decrease in the absorbence that occurs at 460 nm with the acetylation
of p-(p-aminophenylazo)-benzene sulfonic acid on a spectrophoto-
metric microtiter plate reader (Molecular Devices, Palo Alto, CA,
USA). Protein was measured by the Bradford method with the Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Measurements were done at 595 nm on a spectrophotometric
microtiter plate reader (Molecular Devices).

KGDHC activity assay

For assays of KGDHC activity, frozen pulverized tissue (as for
PDHC) was prepared as 5% homogenates in 50 mm Tris-HCI
pH 7.2, 1 mm dithiothreitol, 50 pm leupeptin 0.2 mm EGTA and
0.4% Triton X-100 (Gibson et al. 1988, 1998). KGDHC activity in
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each sample was analyzed in triplicate in the presence of saturating
concentrations of thiamine pyrophosphate, using a 96-well plate
reader. Human postmortem control and brain tissue from patients
with HD was obtained from the Harvard Brain Bank (McLean
Hospital, Belmont, MA, USA).

Malonate lesions

We examined the effects of malonate-induced striatal lesions in 2.5-
month-old DId*"" mice. The mice were anesthetized with isoflurane
and malonate (1.5 pmol in 1.0 pL, pH 7.4) was injected stereotax-
ically into the left striatum (anterior, 0.5 mm; lateral, 2 mm from
bregma; ventral, 3.5 mm from dura). The injections were performed
over 2 min using a 10-pL 26-gauge blunt-tipped Hamilton syringe.
The needle was left in place for 5 min before being slowly
withdrawn. Seven days after the striatal injections animals were
killed.

3-NP lesions

Both DId*’ mice and littermate controls aged 2.5 months were
treated with 3-NP for 2 days at a dose of 50 mg/kg i.p. twice daily,
followed by 60 mg/kg i.p. twice daily from day 3 to day 9. At 6 h
after the last 3-NP injection, mice were killed.

Histological analysis
Mice were anesthetized with sodium pentobarbital and perfused
transcardially with 0.1 m PBS, pH 7.4, followed by 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were
removed, postfixed for 2 h in the same fixative, and then placed
in 30% sucrose overnight at 4°C. For MPTP-lesioned brains, serial
coronal sections (50 pm) were cut through the substantia nigra. Two
sets, consisting of eight sections each 100 pm apart, were prepared.
One set of sections was used for Nissl staining (cresyl violet).
Another set was processed for tyrosine hydroxylase (TH) immu-
nohistochemistry using the avidin-biotin peroxidase technique.
Briefly, free-floating sections were pretreated with 3% H,0; in PBS
for 30 min. The sections were incubated sequentially in (1) 1%
bovine serum albumin (BSA)/0.2% Triton X-100 for 30 min; (2)
rabbit anti-TH affinity-purified antibody (Chemicon, Temecula, CA,
USA:; 1 : 2000 in PBS/0.5% BSA) for 18 h; (3) biotinylated anti-
rabbit IgG (Vector Laboratories, Burlingame, CA, USA; 1 : 500 in
PBS/0.5% BSA) for | h; and (4) avidin—biotin—peroxidase complex
(Vector; 1:500 in PBS) for 1 h. The immunoreaction was
visualized using 3,3’-diaminobenzidine tetrahydrochloride dihydrate
with nickel intensification (Vector) as the chromogen. All incuba-
tions and rinses were performed with agitation using an orbital
shaker at room temperature (37°C). The sections were mounted on
to gelatin-coated slides, dehydrated, cleared in xylene and cover-
slipped. The numbers of Nissl-stained or TH-immunoreactive cells
in the substantia nigra pars compacta were counted using the optical
fractionator method in the Stereo Investigator (version 4.35)
software program (Microbrightfield, Burlington, VT, USA).
Sections from 3-NP- and malonate-lesioned brains were immu-
nostained using an anitibody against the neuronal marker neuron-
specific nuclear protein (NeuN). Briefly, sections were pretreated
with 0.05 M potassium phosphate-buffered saline (KPBS) contain-
ing 1% NaOH and 3% H,0, for 30 min. After rinsing in KPBS
three times for 10 min each, the sections were treated with 0.4%
Triton X-100 and 1% BSA in KPBS for 30 min. The sections were

incubated in NeuN antibody (Chemicon; 1 : 1000 in KPBS/1%
BSA/0.4% Triton) for 18 h. After rinsing in KPBS containing
0.25% BSA and 0.02% Triton X-100, the sections were incubated in
biotinylated anti-mouse IgG (1 : 200 in KBPS/0.25% BSA/0.02%
Triton) for 1 h followed by the avidin—biotin—peroxidase complex
(1 :200) in KPBS for 1 h. The sections were rinsed in 0.05 m
KPBS, and the reaction was developed in 0.05% 3,3’-diaminobenzi-
dine tetrahydrochloride dihydrate containing 0.003% H,0, in
KBPS. Stereological analysis of lesion volumes was performed
using the Cavalieri method in the Stereo Investigator (version 4.35)
software program (Microbrightfield). Every other NeuN-stained
section was examined.

Mitochondrial respiration

Mouse forebrain mitochondria were isolated according to the
method of Rosenthal er al. (1987), except that Nagarse protease
treatment was omitted and the amount of digitonin was adjusted to
the smaller tissue sample (Starkov & Fiskum, 2003). Respiration of
isolated mitochondria was measured at 37°C with a commercial
Clark-type oxygen electrode (Hansatech Instruments, Kings Lynn,
Norfolk, UK). The incubation medium was composed of 125 mm
KCl, 10 mm HEPES, pH 7.2, 2 mm MgCl,, 0.4 mg/ml BSA (fatty
acid free), 0.8 mm ADP, and a respiratory substrate as indicated in
figure legends. Mitochondria were added at 0.5 mg/ml. Membrane
potentials of isolated mitochondria were estimated using the
fluorescence of safranine O (3 pm), with excitation and emission
wavelengths of 495 nm and 586 nm respectively. The incubation
medium was as described above. KDGHC activity in mitochondria
was measured fluorimetrically. The reaction medium was composed
of 50 mm KCIl, 10 mm HEPES, pH 74, 20 pg/mL alamethicin,
0.3 mM thiamine, 0.0l mm CaCl,, 0.2 mm MgCl,, 5 mm
o-ketoglutarate, 1 pm rotenone and 0.2 mmM NAD'. The reaction
was started by adding 0.14 mm Coenzyme A (CoASH) to permea-
bilized mitochondria (0.1-0.25 mg/mL). Reduction of NAD" was
followed at 460 nm emission after excitation at 346 nm. The scale
was calibrated by adding known amounts of freshly prepared NADH.

Succinate dehydrogenase (SDH) activity

SDH (EC 1.3.99.1) was measured spectrophotometrically as
described previously (Arrigon and Singer 1962). The reaction
medium was composed of 50 mm KCIl, 10 mm HEPES, pH 74,
20 pg/mL alamethicin, 10 mm succinate, 2 mmM KCN, 1 um rote-
none, 50 pm  2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone,
50 um  2,6-dichlorophenol indophenol and 20 um EDTA. The
reaction was monitored at 600 nm, and the activity was calculated,
employing Ey = 21 em™" for 2,6-dichlorophenol indophenol.

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was
performed using one-way ANova followed by Newman-Keuls
post-hoc test. The Mann—Whitney U-test and Student’s r-test were
used to analyze differences in lesion volumes.

Results

We measured KDGHC, total PDHC and active PDHC in
cerebral cortex of wild-type and DId" "~ mice (n=09).
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KDGHC activity was significantly reduced from
14.0 £ 043 mU per mg protein in wild-type mice to
10.11 £ 034 mU per mg protein in DId”~ mice
(p < 0.001). Similarly, total PDHC activity was significantly
reduced from 37.96 £ 1.16 to 30.95 + 2.61 mU per mg
protein in the DId""~ mice (p < 0.05). There was a reduction
in active PDHC from 32.3 £+ 1.3 to 27.6 + 2.4 mU per mg
protein, but this was not statistically significant (p = 0.12).
A preliminary study in the putamen of brains from three
controls and seven patients with HD showed that KDGHC
activity was significantly reduced from 11.5 + 24 mU per
mg protein in controls to 1.6 + 0.6 mU mg protein in HD
postmortem brain tissue (p < 0.04).

We carried out studies of MPTP neurotoxicity in DId""
mice. We administered MPTP at a dose of 20 mg/kg
i.p. three times at 2-h intervals to littermate controls and
heterozygous DId"~ mice. MPTP produced a significantly
greater depletion of TH- and Nissl-stained neurons in the
DId*” mice than in littermate controls (Figs 1 and 2). We
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Fig. 1 Stereological (optical fractionator) counts of TH-positive (top)
and Nissl-stained neurons (bottom) in the substantia nigra pars
compacta (SNpc) of 2-month-old wild-type and DId*~ mice. MPTP
produced a significantly greater depletion of TH-positive and Nissl-
stained neurons in the DId*~ knockout mice than in the wild-type
controls. Values are mean + SEM. **p < 0.01 versus wild-type control/
saline, ***p < 0.001 versus respective Did*"/saline, #p < 0.05 versus
wild-type control/MPTP by anova.
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Fig. 2 Photomicrographs of TH-immunoreactive neurons in the sub-
stantia nigra pars compacta showing more severe MPTP-induced
dopaminergic neuronal loss in DId*~ mice than in wild-type controls.
Scale bar 50 um.

examined MDA in 6-month-old DId*’~ mice and littermate
controls. MDA levels were significantly increased in the
striatum of DId*" mice and increased further following
MPTP administration (Fig. 3). MPP" levels were similar in
control and DId*~ mice: 49.7 + 3.3 ng per mg protein
(n = 12) versus 49.4 + 2.7 ng per mg protein (n = 10)
respectively.

We examined the effects of malonate-induced striatal
lesions in DId*"~ mice. Malonate lesion volumes were
approximately three-fold larger in the DId*"~ mice than
controls (1.9 + 0.5 vs. 0.7+ 0.2 mm’ respectively; p <
0.05) (Figs 4 and 5). We also examined 3-NP-induced
lesions in the DId™"~ mice and littermate controls (Figs 6
and 7). There were bilateral areas of NeuN-positive cell loss
in the striatum of wild-type and DId*"" mice. The lesion
volume in the DId*"~ mice was 3.5 + 0.6 mm® whereas that
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Fig. 3 Striatal MDA levels in DId*~ mice and littermate controls at
6 months of age at baseline and following administration of MPTP.
Values are mean + SEM. *p < 0.05 versus wild-type control,
#p < 0.001 versus wild-type contro/MPTP by anova.
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Fig. 4 Lesion volumes (Cavalieri method) in 2.5-month-old wild-type
and DId*~ mice after unilateral striatal malonate injection showing
significantly larger lesions in the DId*~ mice. Values are mean + SEM.
*p < 0.05 versus wild-type control by Mann-Whitney U-test.

Did +/-

e 3\?@&&4‘

Fig. 5 Photomicrographs of NeuN-immunostained sections through
the caudate—putamen of wild-type and DId*~ mice showing malonate
lesions. The lesion in the caudate—putamen (outlined by arrowheads)
is larger in the DId*'~ mouse than that in the wild-type mouse. The dark
staining at the lesion sites, which is more extensive in the Did*"~
mouse, represents IgG extravasation as detected by anti-mouse IgG,
the secondary antibody used for NeuN immunohistochemistry. Scale
bar 0.5 mm.

in wild-type mice was 0.9 + 0.5 mm® (p < 0.05; n =17
per group).

We examined the effects of 3-NP treatment on bioenergetics
of isolated brain mitochondria (Figs 8 and 9). As expected,
3-NP treatment resulted in severe inhibition of SDH (Fig. 8a).
However, succinate-supported respiration (Fig. 8c) and the
membrane potential (Fig. 8b) were suppressed to a greater
extent in mitochondria from DId*"~ mice. Figure 8(b) shows
that the membrane potential was lower in DId" "~ mitochondria
both in State 3 and following the induction of State 4 by
carboxyatractylate, an inhibitor of the ATP/ADP antiporter.
The addition of pyruvate to mitochondria oxidizing succinate
resulted in an increase in the membrane potentials to almost

~ « > o ®

Lesion volume (mm3)

Wild-type control Did +/-

Fig. 6 Lesion volumes (Cavalieri method) of 2.5-month-old wild-type
and DId*~ mice after 3-NP injection, showing significantly larger
lesions in the DId*~ mice. Values are mean + SEM. *p < 0.05 versus
wild-type control by Mann—-Whitney U-test.

Fig. 7 Photomicrographs of NeuN-immunostained sections through
the caudate—putamen of 3-NP treated wild-type and D/d*"~ mice. The
lesion in the caudate—putamen (outlined by arrowheads) is larger in
the DId*"~ mouse than that in the wild-type mouse. The dark staining at
the lesion site in the DId*'~ mouse represents IgG extravasation as
detected by anti-mouse IgG, the secondary antibody used for NeuN
immunohistochemistry. Scale bar 1 mm.

equal levels in DId”~ and DId""* mitochondria. This increase
was sensitive to the complex I inhibitor rotenone. Therefore,
the membrane potential was most probably lower in Did""
mitochondria because of the lower SDH activity per se which
was limiting the flux of electrons through the respiratory
chain. In accordance with this interpretation, SDH activity in
DId"" mitochondria was about 50% of that in DId""*
mitochondria (Fig. 8c).

Figure 9(a) shows that 3-NP treatment also resulted in
approximately 30% inhibition of phosphorylating respiration
of mitochondria oxidizing pyruvate and malate. However,
there were no differences in State 3 respiration rates between
mitochondria from DId"~ mice and their littermates with
normal KGDHC activity. State 4 respiration rates were not
affected by 3-NP treatment (data not shown). The reasons for
inhibition of pyruvate and malate oxidation by 3-NP
treatment are not clear. As mentioned above, 3-NP is a
selective inhibitor of SDH and fumarase (EC 4.2.1.2), and
neither of these enzymes is known to control the rate of State
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Fig. 8 Effect of in vivo 3-NP treatment, State 3 respiration, membrane
potential and SDH activity in Did** and DId*"~ mitochondria. (a) SDH
activity. (b) Membrane potentials of mitochondria isolated from 3-NP-
treated animals. The membrane potential was estimated from fluor-
escence of safranine O. The incubation medium was supplemented
with 10 mm succinate, and 3 pm safranine O was included. Additions:
Mito, 0.5 mg/mL mitochondria; cAtr, 4 um carboxyatractylate; Pyr,
7 mm pyruvate; Rot, 1 um rotenone; FCCP, 50 nm FCCP. (c) State 3
respiration of mitochondria. Incubation medium (see Materials and
methods) was supplemented with 10 mm succinate and 1 um rote-
none. Control, mitochondria from mice not treated with 3-NP (n = 6);
3-NP, mitochondria from 3-NP-treated mice (n = 4). Values in (a) and
(c) are mean + SEM. There were no differences in State 3 rates (c)
and SDH activities (a) between control groups. *p < 0.05 versus 3-NP-
treated wild-type mice.

3 respiration supported by pyruvate and malate oxidation.
Unexpectedly, 3-NP treatment significantly reduced KGDHC
activity. State 3 respiration supported by a-ketoglutarate was
suppressed by ~ 60% in wild-type mitochondria and by
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Fig. 9 Inhibition of mitochondrial phosphorylating respiration and
KGDHC activity by in vivo 3-NP treatment. (a, b) State 3 respiration.
Incubation medium and other conditions were as in Fig. 8(c), except
that succinate and rotenone were replaced with 7 mm pyruvate and
0.8 mm malate (a) or with 10 mm a-ketoglutarate (b). (c¢) KGDHC
activity. Control, mitochondria from control mice (n = 7); 3-NP, mito-
chondria from 3-NP-treated mice (n = 4). Values are mean + SEM.
*Statistically significant difference p < 0.05 compared with wild-type
controls.

~48% in DId""~ mitochondria (Fig. 9b). In accordance with
the respiration data, the activity of KGDHC in mitochondria
was also inhibited (Fig. 9¢).
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Discussion

There is substantial evidence that alterations in a-ketoacid
dehydrogenases may play a role in the pathogenesis of
neurodegenerative diseases. Strong evidence has accumu-
lated implicating KGDHC deficiency in AD (Gibson et al.
1988, 1998; Butterworth et al. 1990; Sheu et al. 1994). The
clinical dementia rating scale is highly correlated with
postmortem brain KGDHC activity (Gibson et al. 2000).
There is also evidence for decreases in KGDHC in the
substantia nigra of patients with PD (Mizuno et al. 1990,
1995; Gibson ef al. 2003). Immunostaining for KGDHC
declines in many melanized neurons and this reduction
correlates with the severity of the degeneration (Mizuno
et al. 1994). KGDHC is more vulnerable to degeneration
than complex II, IIT and IV as shown by immunostaining.
There is evidence for reduced PDHC activity in both AD and
HD (Sorbi et al. 1983; Butterworth et al. 1985).

Although previous studies showed reduced PDHC activity
in HD postmortem brain tissue, there have been no reports on
measurement of KDGHC activity. We found that KDGHC
activity was reduced in the putamen. This may also be a
consequence of oxidative damage as we and others found
increased oxidative damage in both HD postmortem brain
tissue and a transgenic mouse model of HD (Bodganov et al.
2001; Browne ef al. 1999; Perez-Severiano et al. 2000;
Tabrizi et al. 2000). This finding shows that KDGHC
activity is reduced in three of the most common neurode-
generative diseases, AD, PD and HD.

Genetic studies also implicate KGDHC in PD and AD. In
PD a polymorphism occurs in exon 9 of the DLST E2 gene of
KGDHC (Kobayashi ef al. 1998). A single nucleotide
substitution between G (in allele 1) and A exon 9 (in allele
2) occurs, but it does not change the amino acid code.
Frequencies of the genotype that carry the A allele are
significantly higher in patients with PD than in controls.
These results suggest that a genetic variant of the E2 gene
itself, or in close proximity to the gene, constitutes a risk
factor for PD. Polymorphisms in the DId""~ gene also appear
to be a risk factor for AD in caucasians (Sheu et al. 1999).

Previous studies showed that MPTP and isoquinoline
derivative neurotoxicity was associated with reduced activity
of KGDHC (McNaught ez al. 1995; Joffe et al. 1998). The
MPTP metabolite MPP" inhibits KGDHC (Mizuno et al.
1988). It is possible that these effects may be mediated by
oxidative stress. Previous work showed that KGDHC is
sensitive to a number of oxidants including hydroxynonenal,
H,0, and peroxynitrite (Chinopoulos et al. 1999; Park et al.
1999; Gibson et al. 2002). The inactivation by peroxynitrite
(Park et al. 1999) is particularly interesting as peroxynitrite-
mediated neurotoxicity has been strongly implicated in
MPTP neurotoxicity (Schulz et al. 1995a; Hantraye et al.
1996; Przedborski et al. 1996). Peroxynitrite may also be
involved in PD as shown by increases in 3-nitrotyrosine

staining of Lewy bodies in the substantia nigra of patients
with PD (Good et al. 1998; Giasson et al. 2000). KDGHC is
also inhibited by oxidized derivatives of dopamine (Shen
et al. 2000). Exposure of Chinese hamster ovary cells to
hyperoxia results in cell death and complete inactivation of
KDGHC, whereas KDGHC activity is preserved in cells that
are resistant to hyperoxia (Schooner et al. 1990, 1991).

In the present experiments we examined whether DI/d
mice show increased vulnerability to MPTP neurotoxicity.
We found that both KGDHC and total PDHC activities were
significantly reduced in the cerebral cortex of Did * mice. If
a deficiency in KGDHC contributes to PD pathogenesis one
would expect these mice to show increased vulnerability to
the toxin, which is known to impair mitochondrial function.
We found that the DId*" mice showed greater loss of TH-
stained neurons in the substantia nigra pars compacta. There
were no alterations in MPP" levels to suggest altered
processing or metabolism of MPTP in these mice.

We also examined the effects of malonate lesions in the
DId"*" mice. Malonate is a reversible inhibitor of SDH. We
and others showed that intrastriatal injections of malonate
produce lesions that in many respects resemble the neuro-
pathology of HD (Beal et al. 1993b; Greene ef al. 1993).
The lesions occur by an indirect excitotoxic mechanism as
they are blocked by excitatory amino acid antagonists (Beal
et al. 1993b; Greene et al. 1993). The lesions are associated
with increases in markers of free radical damage and are
attenuated by free radical scavengers (Schulz ef al. 1995b).
This might lead to further inactivation of KGDHC. In the
present experiments, we found that striatal lesions produced
by malonate were markedly exacerbated in DId*" mice.
Lesion volumes were approximately three-fold greater than
those seen in littermate controls. This is consistent with the
possibility that inhibition of the tricarboxylic acid (TCA)
cycle at multiple sites may greatly exacerbate bioenergetic
defects.

We also examined the effects of 3-NP in DId*" mice.
3-NP is a suicide inhibitor of the mitochondrial TCA enzyme
SDH (Alston et al. 1977; Coles et al. 1979) and a reversible
inhibitor in vitro of fumarase, another TCA enzyme (Porter
and Bright 1980). Systemic administration of 3-NP inhibits
SDH in the whole brain as well as in the liver and heart
(Gould and Gustine 1982; Gould et al. 1985), and results in
abnormal succinate build-up and inhibition of the mitoch-
ondrial TCA cycle (Hassel and Sonnewald 1995).

Systemic administration of 3-NP produces selective
lesions in the striatum, which closely mimic the neuropath-
ologic features of HD, as it produces relative sparing of
NADPH-diaphorase neurons, a characteristic feature of HD
neuropathology (Beal et al. 1993a). In baboons, it produces a
choreiform movement disorder as well as dystonia (Brouillet
et al. 1995; Palfi et al. 1996). The lesions are attenuated in
mice overexpressing Cu/Zn superoxide dismutase (Beal
et al. 1995). We therefore examined the effects of 3-NP in

A
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DId*" mice. DId"’~ mice were significantly more vulnerable
to the neurotoxic effects of 3-NP. The lesion volumes in the
deficient mice were three- to four-fold larger than those seen
in controls.

The in vivo treatment with 3-NP induced more pro-
nounced inhibition of SDH activity in brain mitochondria
isolated from DId”~ mice than in mitochondria from DId""*
mice. Interestingly, KGDHC activity was also severely
inhibited. To our knowledge, there are no published reports
on inhibition of the purified KGDHC enzyme complex by
3-NP or that 3-NP treatment can inhibit mitochondrial
KGDHC activity in situ or in vivo. Therefore, the
mechanism of the inhibition is not clear, although it might
be secondary to oxidative damage. However, the KGDHC
inhibition may explain the observed decrease in State 3
respiration rates supported by oxidation of pyruvate and
malate (Fig. 9), provided that KGDHC exerted significant
control over the flux of reducing equivalents in the TCA
cycle under our experimental conditions. The data indicate
that there may be a direct interaction between SDH and
KGDHC in vivo, in such a way that an impairment of one
of these enzymes results in an increased vulnerability of the
other enzyme, consistent with an oxidative stress mechan-
ism. Another interesting possibility relates to the DLST
gene, which encodes the dihydrolipoamide succinyltansf-
erase component subunit of KGDHC, and was recently
shown to possess another important function in regulating
mitochondrial energy production. In addition to its full-
length product (E2 subunit of KGDHC), this gene encodes
truncated mRNA for another protein designated MIRTD,
that localizes to mitochondria where it somehow regulates
the biogenesis of mitochondrial respiratory chain (Kanamori
et al. 2003).

In summary, we found that DI mice show increased
vulnerability to MPTP, malonate and 3-NP. These findings
provide further evidence that reductions in KGDHC may
contribute to the pathogenesis of neurodegenerative diseases.
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Minocycline Enhances MPTP Toxicity to

Dopaminergic Neurons
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Minocycline has been shown previously to have benefi-
cial effects against ischemia in rats as well as neuropro-
tective properties against excitotoxic damage in vitro,
nigral cell loss via 6-hydroxydopamine, and to prolong
the life-span of transgenic mouse models of Hunting-
ton’s disease (HD) and amyotrophic lateral sclerosis
(ALS). We investigated whether minocycline would pro-
tect against toxic effects of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a toxin that selectively de-
stroys nigrostriatal dopaminergic (DA) neurons and
produces a clinical state similar to Parkinson’s disease
(PD) in rodents and primates. We found that although
minocycline inhibited microglial activation, it significantly
exacerbated MPTP-induced damage to DA neurons. We
present evidence suggesting that this effect may be due
to inhibition of DA and 1-methyl-4-phenylpridium (MPP™)
uptake into striatal vesicles. © 2003 Wiley-Liss, Inc.

Key words: inflammation; Parkinson’s disease; vesicles;
tetracycline; doxycycline

Parkinson’s disease (PD) is a neurodegenerative dis-
order of unknown etiology characterized by the loss of
dopaminergic neurons (DA) in the substantia nigra pars
compacta (SNpc). The clinical features of PD include a
resting tremor, bradykinesia, stooped posture, shuffling
gait, difficulty swallowing, and rigidity in the extremities
accompanied by a loss in control of fine movements. A
pivotal event in PD research was the demonstration of the
toxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) to DA neurons. Systemic administration of
MPTP produces DA cell loss and a clinical state similar to
idiopathic PD in both humans and experimental animals
(Langston et al., 1983; Heikkila et al., 1984). MPTP
is converted to its toxic metabolite 1-methyl-4-
phenylpyridium (MPP ") by monoamine oxidase B (Chiba
et al., 1984). MPP " is accumulated actively in DA neu-
rons by the high-aftinity DA transporter (Javitch et al.,
1985) and exerts its toxic effects by inhibiting complex I of
the mitochondrial electron transport chain (Nicklas et al.,

© 2003 Wiley-Liss, Inc.

1985) leading to many deleterious consequences, includ-
ing increased free radical production, resulting ultimately
in cell death.

There is accumulating evidence that suggests the
involvement of specific immune reactions in pathogenesis
of several neurodegenerative disorders, including PD (Mc-
Geer et al., 1993). These include studies demonstrating the
presence of microglia, T-lymphocytes, and inducible ni-
tric oxide synthase (INOS) in PD SNpc as well as in-
creased expression of inflammatory cytokines in the stria-
tum from parkinsonian brains (for review, see Nagatsu et
al., 2000). Further, microglial and astrocytic proliferation
have been described in damaged regions after MPTP
administration (Kurkowska-Jastrzebska et al., 1999). These
results, coupled with the observation that tyrosine-
hydroxylase (TH)-immunoreactive SNpc cell bodies in
mice lacking the iINOS gene are relatively resistant to
MPTP toxicity (Liberatore et al., 1999), suggest that glial
activation and the subsequent release of nitric oxide (NO)
may contribute to MPTP toxicity.

Minocycline, a second-generation tetracycline, has
anti-inflammatory properties independent of its antimi-
crobial effects. Minocycline has been reported to have
beneficial effects against both focal and global ischemia in
rats (Yrjanheikki et al., 1998, 1999) as well as neuropro-
tective properties against excitotoxic damage in vitro and
nigral cell loss via 6-hydroxydopamine in mice (He et al.,
2001; Tikka et al., 2001). It has been reported to delay
disease progression and prolong the life-span of transgenic
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mouse models of Huntington’s disease (HD) and amyo-
trophic lateral sclerosis (ALS) (Chen et al., 2000; Zhu et
al., 2002). Several mechanisms have been suggested to
explain these neuroprotective properties of minocycline,
including inhibition of caspase-1, caspase-3, inducible ni-
tric oxide synthase (iNOS) expression, and the mitochon-
drial permeability transition (Amin et al., 1996; Yrjan-
heikki et al., 1998, 1999; Chen et al., 2000: Du et al.,
2001; He et al., 2001; Tikka et al., 2001; Zhu et al., 2002).
We investigated whether minocycline would protect
against toxic effects of MPTP. A recent report showed that
minocycline blocked MPTP-induced microglial activa-
tion and toxicity to DA neurons (Wu et al., 2002). Using
a different dosing regimen, we found that minocycline
blocked MPTP-induced microglial activation, but in con-
trast we found that MPTP toxicity to DA neurons was
exacerbated.

MATERIALS AND METHODS
MPTP, tetracycline, doxycycline, minocycline, amphet-
amine, and creatine were obtained from Sigma (St. Louis, MO).
Minocycline (0.005%), creatine (2%), and the combined mino-
cycline (0.005%)/creatine (2%) test diets were manufactured by
Purina Test Diet, Inc. (Richmond, IN). All drugs were dis-
solved in phosphate-buftered saline (PBS; pH 7.4).

Animals and Drug Administration

All experiments were conducted in either young (2-3
month) or old (8 month) male C57BL mice (Jackson Labs, Bar
Harbor, ME) in accordance with the NIH Guide for the Care
and Use of Laboratory Animals, and all procedures were ap-
proved by a local Animal Care and Use Committee. Mice were
group-housed at 20-22°C and maintained on a 12-hr light-dark
cycle with food and water available ad lib.

Mice received four intraperitoneal (i.p.) injections of
MPTP (5, 10, 15, or 20 mg/kg) or PBS vehicle at 2-hr intervals,
as described previously (Sonsalla et al., 1992). Mice were pre-
treated 1 day before MPTP administration with minocycline,
doxycycline, tetracycline (2X 45 mg/kg or 60 mg/kg i.p.), or
PBS vehicle at 12-hr intervals. Mice were again treated with
PBS or minocycline, doxycycline, or tetracycline (2X 45mg/kg
or 60 mg/kg at 12-hr intervals) on the day of MPTP adminis-
tration and post-treated for 1 day with a reduced dose (2X 22.5
mg/kg or 30 mg/kg at 12-hr intervals). We also tested effects on
MPTP toxicity of minocycline administered orally, either by
gavage or in the diet. Mice were pretreated 2 days before MPTP
administration with PBS or minocycline (1X 90 or 120 mg/
kg/day, orally by gavage) and for 7 days after MPTP treatment.
In another experimental group, mice were fed for 2 weeks
before and during MPTP administration (4X 10 mg/kg at 2-hr
intervals) with diets containing minocycline (0.005%), creatine
(2%), or combined minocycline (0.005%)/creatine (2%). Con-
trol animals were fed unsupplemented diet. In these studies,
animals were fed the special diets throughout the study period
until the day of sacrifice. In all MPTP experiments, mice were
sacrificed 7 days after MPTP treatment. Both neostriata were
dissected, frozen rapidly and stored at —80°C until assayed.
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Neurochemical Measurements

Striatal levels of DA and its metabolites were measured by
high-pressure liquid chromatography (HPLC) with electro-
chemical detection, and TH activity by a radioenzymatic tech-
nique as described previously (Albers et al., 1996; Yang et al.,
1998). Striatal MPP " levels were measured by HPLC with UV
detection as described previously (Matthews et al., 1999). All
samples were normalized for protein content, which was deter-
mined spectrophotometrically using the Bio-Rad protein assay
kit (Bio-Rad, Hercules, CA).

HPLC Assay for Minocycline and Tetracycline

For HPLC determinations of minocycline and tetracy-
cline levels, 4 animals were examined from each group (mino-
cycline or tetracycline alone and minocycline or tetracycline
with co-injection of MPTP). Minocycline or tetracycline were
administered at 45 mg/kg i.p. twice per day, starting 12 hr
before administration of MPTP, which was administered at 10
mg/kg i.p. every 2 hr, for 4 doses. At 2 hr after the last MPTP
dose and 1 hr after the last minocycline or tetracycline dose,
animals were perfused intracardially with PBS to wash out blood
from the brain, and perfused brain tissues were taken for
HPLC assay.

Dissected striata were sonicated and centrifuged
(14,000 X g, 2X 10 min) in chilled 0.05 M perchloric acid, and
50 pl of supernatant was isocratically eluted through a 250 X 4.6
mm X 5 pm C18 column (Tosoh Biosep, Japan) with a mobile
phase containing 200 mM NaH,PO,, 1 mM 1-octanesulfonic
acid, and 25% (v/v) acetonitrile, and detected at 354 nm wave-
length by a Waters 490 UV detector (Sharon, MA). Concen-
trations of minocycline and tetracycline are expressed as pg/mg
protein. Protein concentration was determined by using the
Bio-Rad method and Perkin Elmer Bio Assay Reader (Nor-
walk, CT).

Vesicle Preparation

Vesicles were prepared as described previously (Staal and
Sonsalla, 2000). Striata from mice (total of 120-150 mg wet
weight tissue) were homogenized in 0.32 M sucrose and sub-
jected to a number of centrifugation steps. At the end of the last
centrifugation, the pellet was resuspended in vesicle assay buffer
(VAB, pH 7.4): 25 mM HEPES, 100 mM potassium tartrate,
0.5 mM EDTA, 0.05 mM EGTA, 2 mM ATP-Mg>*, 1.7 mM
ascorbic acid and 4 mM KCIl, pH 7.4). The final vesicle sus-
pension was used for [*’H]-DA and [PH]-MPP" uptake and
protein determination.

Vesicular [’H]-DA and [*H]-MPP* Uptake

Vesicle suspensions (5 pg protein) were incubated with
buffers containing [*H]-DA and cold DA or [’H]-MPP" and
cold MPP for 2 min at 37°C and uptake terminated by the
addition of ice-cold VAB (no ascorbate or ATP-Mg”") as
described previously (Del Zompo et al., 1993; Staal et al., 2000).
Vesicles were collected on Whatman F filters washed with 0.5%
polyethylenenine to prevent MPP" sticking to glass filters,
washed with ice-cold VAB, and immersed in ethanol to extract
the [*H]-DA or ['H]-MPP". Radioactivity was determined by
scintillation spectroscopy. Nonspecific uptake was determined as




280 Yang et al.

TABLE 1. Neurochemical Effects of MPTP and Minocycline in Young and Old C57BL Mice'

DA (ng/mg

DOPAC (ng/ DOPAC/DA HVA (ng/mg TH activity

Treatment n protein) mg protein) ratio protein) (nmol/g/hr)
Young mice (2-3 months old)
PBS 26 124:* 7.7 10:4 =0.8 0.10 £ 0.01 144 £ 0.5 519 * 26
Minocycline (2 X 45 mg/kg, ip) 22 130 £ 9.2 124 = 1.2 0.12 * 0.02 16.3 0.7 588 * 64
MPTP (4 X 10 mg/kg) 33 66 * 3.8% 79 +:1.0% 0:10 2 0:01 10.4 = 0.4% 260 * 27*
+ Minocycline (2 X 45 mg/kg, ip) 20 36; X 3.6%F 7.2 £ 1.2% 0:18 & 0.02%* 8.2 = 0.4%* 130 = 18%*
+ Minocycline (2 X 60 mg/kg, ip) 10 43 X 4.2%k 13.5 X 1.0%* 0.18 £ 0.01%* 9.2 &+ 10,4%* ND
+ Minocycline (1 X 90 mg/kg, po) 9 49 = 5 2% 16:6 2 1.3%% 0.20 % 0.01%* 98 & 0.4* ND
+ Minocycline (1 X 120 mg/kg, po) 11 53 & 4.6%* 16:8 = 1.2%* 0:18 == 001 %+ 10:1. = 0.3 ND
MPTP (4 X 15 mg/kg) 32 36 £ 3.3*% 26 = 0.2% 0.09 = 0.002 6.5 = 0.3* ND
+ Minocycline (2 X 45 mg/kg, ip) 31 19/ & 1.B%k 1.7 & 0.1 012 X 0.04%* 5.3 £ 0.2%* ND
MPTP (4 X 20 mg/kg) 10 24 £ 2.4% 2.3 F 0.2% 0.10 = 0.01 5.7 £ 0.4* ND
+ Minocycline (2 X 45 mg/kg, ip) 10 16: 2= 3.9%% 1.5 = 0.2%* 0.14 % 0:01%* 4.4 = 0.4%* ND
Old mice (8 months old)
PBS 7 80 £ 4.7 1457 & 3.3 0.19 = 0.05 9.4 *+ 0.4 340 + 34
Minocycline (2 X 45 mg/kg, ip) 8 82 *x 1.6 16.0 = 3.0 0.20 = 0.03 105+ 0.4 370 = 22
MPTP (4 X 5 mg/kg) 10 33 +6.4* 12+ 1.9 0.38 + 0.03* 6.7 = 0.6* 222, 38
MPTP + minocycline 9 16: 2= 3.9%% 7.6 Z= 1.3%% 0:52. % 0.05%* 5.4 * 0.5% 104 £ 16%*

TData expressed as mean = SEM. ND, not determined. DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; TH, tyrosine

hydroxlase.
*Significantly different from PBS-treated controls (P < 0.05).
**Significantly different from MPTP-treated mice (P < 0.05).

TABLE II. TH-Immunopositive and Cresyl Violet-Stained Cell Counts in SNpc 7 days After

Minocycline and MPTP Treatment?

Treatment n TH-immunopositive neurons Cresyl violet-stained neurons
PBS 4 10,320 %= 303 13,016 % 494
Minocycline alone (2 X 45 mg/kg, ip) 4 10,658 * 160 13,160 = 450

MPTP alone (4 X 10 mg/kg, ip) 4 9,286 = 186* 11,416 * 284*
Minocycline + MPTP 4 3,720 X 792%* 4,816 % 304**

TData expressed as mean *+ SEM. TH, tyrosine hydroxylase.

*Statistically different from PBS alone (P < 0.05).
**Statistically different from MPTP alone (P < 0.05).

[’H]-DA or [’H]-MPP" uptake in samples incubated on ice,
and by the effects of amphetamine.

Immunostaining for Tyrosine Hydroxylase and
Microglia

Hindbrains from mice were fixed in 4% paraformalde-
hyde for 24 hr and cryoprotected in 30% sucrose overnight.
Sections (40 pwm) were washed for 30 min in PBS, incubated
with 1% bovine serum albumin (BSA) and 0.2% Triton
X-100in 0.1 M PBS for 1 hr, washed in PBS containing 0.5%
BSA for 30 min, then incubated overnight in blocking solu-
tion containing antibodies to either TH (1:25,000; Weiser et
al., 1993) or CD11b (1:1,000: Serotec, UK). CD11b reacts
with the mouse complement type 3 receptor (CR3). Sections
were washed in PBS-BSA, incubated for 1 hr with biotinyl-
ated secondary anti-rabbit or anti-rat antibodies (Vector Lab-
oratories, Burlingame, CA) and visualized by reaction with
3,3'-diaminobenzidine-tetrahydrochloride (DAB; 0.05%) as
a chromagen and hydrogen peroxide (0.003%) for 5 min.
Sections were mounted on gelatin-coated slides, dehydrated
through graded ethanols, and cleared in xylene before being
coverslipped with Permount.

Cresyl Violet Staining

Midbrain sections containing SNpc were stained with
cresyl violet. Sections were then mounted on gelatinized slides,
left to dry overnight, dehydrated in increasing alcohol concen-
trations, and coverslipped with Permount.

Cell Counting

The total number of TH-immunoreactive cell bodies and
cresyl violet-stained SNpc neurons were counted in 4 mice per
group using the optical dissector technique, as published previ-
ously (Coggeshall, 1992; Gundersen, 1992; DeGiorgio et al.,
1998; Volpe et al.,, 1998) with minor modifications. In brief,
serial midbrain sections containing SNpc were stained for TH
and cresyl violet. Digital images of TH-immunoreactive SNpc
neurons were acquired at 30X magnifications on a Zeiss Axio-
phot microscope fitted with an Axiocam video camera. A
counting frame (100 pm X 100 wm) created by KS 400 image
analysis software (Zeiss, Thornwood, NY) was systematically
passed over the outlined SNpc by a motorized stage. Neurons
were counted under 100X oil magnification as they appeared
within the counting frame (50 wm X 50 wm). This procedure
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Fig. 1. Microglial staining in SNpc (A,C,E) and SNpr (B,D,F) in 8-month-old mice treated with
PBS (A,B), MPTP alone (C,D), and MPTP+ minocycline. (E,F). As expected, there is robust
microglial activation after MPTP treatment in the SNpc and SNpr (C,D), which is blocked by
concurrent administration of minocycline (E,F). Scale bar = 20 pm.

was carried out on four sections at a periodicity of 160 pwm in the
SNpc. All TH- or cresyl violet-stained neurons were counted.
An average neuron density was obtained by summing the num-
ber of neuron profiles divided by the calculated volume. The
total number of neurons was calculated as the product of the
neuron density and the volume of SNpc as described previously
(Volpe et al., 1995; DeGiorgio et al., 1998).

Statistical Analysis

Values of neurochemical measurements are expressed as
the mean £ SEM. Results were analyzed by non-parametric
Mann-Whitney U-test or one-way analysis of variance

(ANOVA) followed by Newman-Keuls test (Instat, San Diego,
CA). Differences were considered significant at P << 0.05.

RESULTS AND DISCUSSION

The MPTP dosing regimens employed in these stud-
ies have been characterized previously (Sonsalla et al.,
1992) and shown to result in moderate DA depletion
within the adult mouse striatum. Seven days after MPTP
treatment, striatal DA, its metabolites 3,4-dihydroxy-
phenylacetic acid (DOPAC) and homovanillic acid
(HVA), as well as tyrosine hydroxylase (TH) activity were
decreased in a dose-dependent manner (Table I). Using an
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Fig. 2. Effects of 0.005% minocycline supplementation on MPTP
toxicity. Mice were fed control, minocycline (mino)-containing, 2%
creatine (crt)-containing, or minocycline and creatine (crt+mino)-
containing mouse feed for 2 weeks before MPTP administration. Data
are expressed as the mean = SEM of 10 mice per group. Minocycline
supplementation did not have any effect whereas creatine supplemen-
tation reversed the effects of MPTP toxicity as compared to MPTP-
treated mice on control diet. The mixed diet produced the same level
of DA depletion as MPTP-treated mice on control diet, suggesting
minocycline reversed the creatine effect. *Significantly different from
PBS-treated animals, P < 0.05; **Significantly different from MPTP-
treated animals, P < 0.05; #Significantly different from CRT +
MPTP-treated animals, P < 0.05.

intraperitoneal dosing paradigm for minocycline shown pre-
viously to be neuroprotective (Yrjanheikki et al., 1998,
1999), we observed a significant reduction (P < 0.05) in
striatal DA levels and TH activities in young (2-3 month)
mice treated with MPTP and minocycline, as compared to
mice treated with MPTP alone, for all doses of MPTP tested
(Table I). Minocycline alone did not have any effect on
striatal DA levels or TH activity 7 days after administration.

Striatal MPP " levels measured 2 hr after the last
MPTP injection (4X 10 mg/kg) in young mice were not
different in animals treated with MPTP alone, or MPTP
and minocycline (686 = 149 and 675 = 111 ng/mg
protein, respectively; P > 0.05). Of note, a significant
reduction in body weight (from 25.7 = 0.1 to 24.3 *+
0.1 g; P < 0.001) was observed in minocycline-treated
mice after pretreatment; this reduction was not observed
in PBS-injected control mice in this same period. After
MPTP injections, both minocycline-injected mice and
PBS-treated controls showed similar weight losses (24.3 =
0.1t023.0 £ 0.2g, P<0.01; and 25.8 £ 0.2 to 24.5 *+
0.3 g, P < 0.01, respectively). Further, there was an
accompanying 10% loss of TH-immunopositive cell bod-
ies in the substantia nigra pars compacta (SNpc) in MPTP-
treated mice (4X 10 mg/kg; Table II). This loss of TH-
immunopositive neurons was exacerbated significantly
(—65%) in mice co-treated with minocycline (Table II).
We stained serial sections with cresyl violet to determine

whether this loss of immunostaining was due to loss of
TH-positive neurons, or a downregulation of TH. The
reductions in cresyl violet-stained cells were similar to
those found via TH immunohistochemistry, confirming
the loss of TH-immunopositive cells (Table II). It is note-
worthy that the mean number of SNpc neurons in our
analysis 1s comparable to previously published reports
(German and Manaye, 1993; Volpe et al., 1995).

It has been suggested that neuroprotective effects of
minocycline are due to inhibition of microglial activation
(Yranheikki et al., 1998, 1999; Chen et al., 2000; Du et al.,
2001; He etal., 2001; Tikka et al., 2001; Wu et al., 2002). To
examine effects of minocycline treatment on microglial acti-
vation in our dosing paradigm, we conducted studies in older
mice (8 months), where a robust MPTP-induced microglial
activation can been observed as early as 12 hrs post-MPTP
and remains elevated for up to 14 days (Kurkowska-
Jastrzebska et al., 1999). A lower dose of MPTP (4X 5
mg/kg, 1.p.) was administered due to the age-dependency of
MPTP toxicity in older mice (Sonsalla et al., 1992). In
agreement with our studies in young animals, a significant
exacerbation in striatal DA depletion and decreased TH
activity was measured in minocycline-treated MPTP mice
(see Table I). The MPTP treatment induced robust micro-
glial activation in the SNpc and substantia nigra pars reticulata
(SNpr) of these animals, whereas the microglial staining pat-
tern was less much intense in mice treated with minocycline
and MPTP (Fig. 1), consistent with previous reports showing
inhibition of microglial activation via minocycline (Yrjan-
heikki et al., 1998, 1999; Chen et al., 2000; He et al., 2001;
Tikka et al., 2001; Wu et al., 2002).

It is clear from our studies that minocycline is not
neuroprotective with the present dosing regimens of
MPTP. Indeed, a range of doses of minocycline, as well as
difterent routes of administration, all produced a consistent
potentiation of MPTP-induced striatal damage. It is im-
portant to note that neither systemic minocycline alone
nor minocycline via oral administration had any effect on
basal striatal DA levels (Table I). In MPTP-treated mice
(4X 10 mg/kg) ted mouse chow containing 0.005% mi-
nocycline, striatal DA levels were similar to MPTP-treated
mice fed control diet (Fig. 2). Further, no apparent weight
reduction was observed in the minocycline-fed mice (data
not shown). Given the marked exacerbation of MPTP
toxicity after intraperitoneal minocycline administration,
these results suggest that the minocycline dose in the diet
may be too low to exacerbate MPTP toxicity. Dietary
supplementation of 0.005% minocycline, however, re-
versed the neuroprotective effects of 2% creatine (Mat-
thews et al., 1999), suggesting that this dose of minocy-
cline had a deleterious effect (Fig. 2).

We also examined the effects of tetracycline and
doxycycline against MPTP toxicity in young mice. Con-
sistent with our findings with minocycline, combined
treatments of doxycycline with MPTP or tetracycline with
MPTP produced greater reductions in striatal DA levels
(Table III) as compared to mice treated with MPTP alone
(4X 10 mg/kg). The results with tetracycline were unex-
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TABLE III. Minocycline, Doxycycline, and Tetracycline in the Presence and Absence of MPTP in

Two- to Three-Month-Old C57BL Mice®

Treatment

Striatal DA

(ng/mg protein)

Striatal TH activity

(nmol/g/hr)

PBS
Minocycline alone (2 X 45 mg/kg,

o
O
Doxycycline alone (2 X 45 mg/kg,
,

Tetracycline alone (2 X 45 mg/kg,
MPTP alone (4 X 10 mg/kg)

Minocycline + MPTP

Doxycycline + MPTP

Tetracycline + MPTP 11

123
132
131
140
3
38
32
43

5.5 534
3:9 588
11 590
5.6 634
8.1%* 268
7. 2%% 130
4.8%* 194

8. 135

31
638
20
38
17%

| Q¥

|5

I+l £ I+ = EIE T

o N PN N Fa A E

D()k*

TData expressed as mean = SEM. DA, dopamine; TH, tyrosine hydroxylase.

*Significantly different from PBS-treated controls (P <

0.05).

**Significantly different from MPTP-treated mice (P < 0.05).

pg/mg protein

tetra
MPTP

mino
MPTP

mino

Fig. 3. Minocycline and tetracycline brain levels before and after
MPTP administration. Data are mean = SEM. *Significantly different
from tetracycline alone (P < 0.05).

pected due to its low brain penetration. We therefore
measured brain minocycline and tetracycline levels after
administration of the compounds both alone and with
MPTP (15 mg/kg X 4 doses). We found that brain
concentrations of minocycline were approximately 10-
fold greater than those of tetracycline; however, tetracy-
cline did accumulate in brain, and levels were almost
doubled after MPTP administration (Fig. 3).

The exacerbation of MPTP-induced damage by mi-
nocycline is strikingly similar to the neurochemical deficits
observed by two independent groups in MPTP-treated
VMAT?2 knockout mice (Takahashi et al., 1997; Gainet-
dinov et al., 1998). Furthermore, pharmacologic inhibi-
tion of VMAT2 exacerbates MPTP toxicity (German et
al., 2000). Thus, we investigated whether minocycline had
a direct effect on VMAT?2 function, in particular reducing
the sequestration of DA into vesicles. In vesicular prepa-
rations from C57BL/6 mouse striata, we observed V. .
values for [*H]-DA uptake consistent with those reported
previously (Del Zompo et al., 1993; Staal and Sonsalla,
2000). Moreover, ["H]-DA uptake was blocked by am-

phetamine (1 and 10 wM) by 44 and 80%, respectively
(data not shown), consistent with a previous study (Del
Zompo et al., 1993), which demonstrates the integrity of
our vesicular preparations. In these preparations, the ad-
dition of minocycline (0.1, 1, and 10 wM) decreased V..
values for [’H]-DA uptake (Fig. 4) by 23, 30, and 40% (1
and 10 pM were significant; P < 0.05), respectively,
compared to vehicle-treated controls. We also found that
minocycline significantly inhibited vesicular uptake of
MPP . As shown in Table I, the DOPAC/DA ratio was
increased consistently in mice treated with minocycline
and MPTP, consistent with an effect on VMAT2, because
this increases dopamine in the cytoplasm, allowing more
to be metabolized to DOPAC.

Our studies therefore demonstrate that minocycline
exacerbates MPTP-induced damage to DA neurons by
interfering acutely with VMAT?2 function (i.e., sequestra-
tion of MPP", DA, or both). It is well established that
vesicular uptake of MPP™" reduces its toxicity (Liu et al.,
1992; Staal and Sonsalla, 2000). This seems to account for
the resistance of rats to MPTP (Staal et al., 2000). Thus,
perturbation in intracellular sequestration of MPP ", via
pharmacologic or genetic manipulation, results in in-
creased concentrations of free MPP ", resulting in in-
creased mitochondrial accumulation and more extensive
damage to DA neurons. Further, compromised VMAT?2
function can lead to increased free DA within the presyn-
aptic nerve terminal, which in turn can lead to the for-
mation DA metabolites (increased DOPAC/DA ratios;
Table I) as we observed. DA quinones and reactive oxygen
species can modify protein function directly by oxidative
modifications (Berman and Hastings, 1999; Kristal et al.,
2001). The present data coupled with a recent report
describing the destruction of synaptic vesicles by protofi-
brillar a-synuclein (Volles et al., 2001), highlights the
vulnerability of DA neurons to pharmacologic, environ-
mental, or genetic insults that aftect specific vesicular
properties. Furthermore, DA neurons are selectively vul-
nerable to toxic effects of overexpression of a-synuclein in
vitro (Xu et al., 2002).

Previous studies have suggested the suppression of
microglial activation by minocycline accounts for the ob-
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Fig. 4. Effects of minocycline on [*H]-DA or [’H]-MPP" uptake into
vesicular preparations. Uptake of [PH]-DA into vesicles isolated from
C57BL/6 mouse striata was inhibited by the addition minocycline (0.1-10
WM) in a dose-dependent manner as compared to vehicle controls. Data
are expressed as mean * SEM of four separate experiments. *Significantly
different from vehicle-containing controls.(P < 0.05).

served neuroprotection (Amin et al., 1996; Yrjanheikki et
al., 1998, 1999; Chen et al., 2000; Du et al., 2001; He et
al., 2001; Tikka et al., 2001; Wu et al., 2002), although the
mechanisms by which microglia become activated remain
unknown. One consequence of a microglial response is
the recruitment of other components of an immune re-
sponse such as cytokines including IL-13, IL-6, TNF-a,
and IFN-vy, which may be part of a repair and protect
response. Thus, it is tempting to speculate that another
mechanism to explain the effect of minocycline on
MPTP-induced toxicity is that minocycline suppresses the
ability of microglia to supply these cytokines needed for
neuronal survival; however, microglia also produce proin-
flammatory cytokines and oxygen-derived reactive spe-
cies, namely nitric oxide (NO) from iNOS, which have
been demonstrated to play a role in MPTP-mediated
neuronal injury (Liberatore et al., 1999). Inhibiting in-
flammation may not always be beneficial, because recent
work showed MPTP-induced dopamine depletion was
exacerbated in IL-6-deficient mice as well as mice defi-
cient in TNFa receptors (Bolin et al., 2002; Rousselet et
al., 2002).

A recent study by Du et al. (2001) reported neuropro-
tective effects of minocycline in the MPTP-treated mouse
model. In their study, the observed neuroprotection by mi-
nocycline was associated with its ability to suppress the
MPTP-induced increases in iNOS and caspase-1 expression
in the midbrain. They administered minocycline by gavage
in sucrose. Similarly, the recent study of Wu et al. (2002)
showed neuroprotective effects of minocycline against
MPTP-induced damage to TH neurons, which was attrib-
uted to inhibition of microglia. In this study, protection was
seen with MPTP administered 4 times at 16 mg/kg but not
at 18 mg/kg. This dosing regimen differed from ours. We
administered minocycline every 12 hr for 3 days starting 1
day before the first MPTP dose, whereas they administered
minocycline 1.p. starting 30 min. after the first MPTP dose
and then for an additional 4 days. Another group reported
that minocycline blocked the microglial response in the nigra
and did not affect striatal DA depletion induced by MPTP
(Ghulam et al., 2001).

We observed robust nigral microglial activation after
MPTP administration that was reversed by minocycline,
consistent with previous reports. Nevertheless, relative to
levels in vehicle-treated mice, there was increased striatal
DA depletion in mice treated with minocycline and
MPTP, as compared to MPTP-treated mice. These studies
clearly demonstrate the ability of minocycline to block
inflammatory responses resulting from MPTP treatment,
yet it is perplexing that the results on dopaminergic mark-
ers vary between laboratories. It is possible that differences
in routes of administration, dosing intervals, or drug con-
centrations could account for such differences. The
present data show that minocycline significantly exacer-
bates MPTP-induced damage to DA neurons and inhibits
VMAT?2 function of striatal vesicles, which is a novel
mechanism of action. The results suggest that although
minocycline is a promising neuroprotective agent for the
treatment of neurodegenerative disease, some caution in
its administration may be warranted.
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Abstract

There is substantial evidence that excitotoxicity and oxidative
damage may contribute to Huntington’s disease (HD) patho-
genesis. We examined whether the novel anti-oxidant com-
pound BN82451 exerts neuroprotective effects in the R6/2
transgenic mouse model of HD. Oral administration of
BN82451 significantly improved motor performance and
improved survival by 15%. Oral administration of BN82451

significantly reduced gross brain atrophy, neuronal atrophy
and the number of neuronal intranuclear inclusions at 90 days
of age. These findings provide evidence that novel anti-oxi-
dants such as BN82451 may be useful for treating HD.
Keywords: experimental therapeutics, huntington, inflam-
mation, neurodegeneration, oxidative damage, transgenic
mice.
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Huntington’s disease (HD) is an autosomal dominant
progressive neurodegenerative disease that starts in mid life
and eventually leads to death. The mean survival after onset
is 15-20 years and at present there is no known effective
treatment for HD. The mutation that causes the illness is an
expanded CAG/polyglutamine repeat stretch that has been
postulated to confer its toxic effects by a gain of function.
There is accumulating evidence that the polyglutamine
expansion causes effects on gene transcription (Cha 2000;
Luthi-Carter et al. 2000; Wyttenbach et al. 2002). These
effects may be secondarily linked to energy dysfunction,
oxidative damage and excitotoxicity, which are implicated in
the pathogenesis of HD. Alternatively, N-terminal fragments
of huntingtin may directly impair mitochondrial function
(Panov et al. 2002).

A breakthrough in HD research was the development of
transgenic mouse models. Transgenic mice with exon 1 of
the human HD gene with an expanded CAG repeat develop a
progressive neurological disorder (Mangiarini et al. 1996).
These mice (line R6/2) have CAG repeat lengths of 141-157
under the control the human HD promotor. At approximately
6 weeks of age, the R6/2 mice show loss of body weight, and
at 9-11 weeks they develop an irregular gait, stuttering

stereotypic movements, resting tremors and epileptic sei-
zures. The mice develop progressive weight loss and brain
atrophy. Neuronal intranuclear inclusions that are immuno-
positive for huntingtin and ubiquitin are detected in the
striatum at 4.5 weeks.

We and others found that that there is evidence of
increased oxidative damage in the R6/2 transgenic mouse
model of HD. It was shown that there is increased
immunostaining for 3-nitrotyrosine, increased lipid peroxi-
dation and increases in oxidative damage to DNA (Bogdanov
et al. 2000; Perez-Severiano et al. 2000; Tabrizi et al. 2000).
There is also some evidence that inflammatory mechanisms
may contribute to disease pathogenesis (Ona et al. 1999;
Luthi-Carter et al. 2000). In the present studies, we therefore
examined whether a novel compound which has both
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anti-oxidant and anti-inflammatory properties, BN82451,
exerts beneficial effects on survival as well as motor
performance and weight loss in the R6/2 transgenic mouse
model of HD.

Materials and methods

Animals

Male transgenic HD mice of the R6/2 strain were obtained from
Jackson Laboratories (Bar Harbor, ME, USA). Male R6/2 mice were
bred locally with females from their background strain (B6CBAFI/J).
The offspring were genotyped with a PCR assay on tail DNA. Nine
to 10 mice in each group were examined for survival with equal
numbers of males and females in each group. All animal
experiments were carried out in accordance with the NIH Guide
for the Care and Use of Laboratory animals and were approved by
the local animal care committee.

Treatment

At 30 days of age the mice were fed lab chow diets supplemented
with BN82451 at 0.015%, or a standard unsupplemented diet.
Assuming an intake of 5 g of lab chow daily, this results in a dose of
30 mg/kg/day.

Behavior and weight assessment

Motor performance was assessed from 30 days of age in the R6/2
experiments (n = 9-10 mice per group) using the rotarod apparatus
(Columbus Instruments, Columbus, OH, USA). Mice were tested at
12 r.p.m. Mice were given two trials and better result was recorded.
They were weighed at the same time, once a week.
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Fig. 1 (a) Cumulative probability of BN82451 on survival in R6/2
transgenic mice, p < 0.001 compared with controls. (b) Effects of
BN82451 on rotorod performance in R6/2 transgenic mice. The
treatment significantly improved motor performance on day 57, 60, 64
and 67 (*p < 0.05).

Fig. 2 Effects of BN8541 treatment on
gross atrophy and ventricular enlargement
in R6/2 mice at 10 weeks of age. Coronal
step-sections through the rostral levels of
the anterior commissure in untreated R6/2
(b and d) and BN8541-treated R6/2 mice (a
and c). There is marked gross atrophy in
the untreated R6/2 mouse tissues section
with enlarged lateral ventricles. These
findings are not as severe in the BN8541-
treated mouse. Scale bar (shown in b):
2 mm.
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Survival

Mice were observed every morning and late afternoon. The criteria
for killing was the point in time at which mice were unable to
initiate movement after being gently prodded for 2 min.

Stereology/quantitation

Serial-cut coronal tissue-sections from the rostral segment of the
neostriatum at the level of the anterior commissure (interaural
5.34 mm/bregma 1.54 mm to interaural 3.7 mm/bregma
-0.10 mm), were used for aggregate analysis. Unbiased stereologic
counts of ubiquitin-positive aggregates (= 1.0 pm) were obtained
from the neostriatum in 10 mice, each from BN82451-treated and
unsupplemented diet R6/2 mice at 90 days using Neurolucida Stereo
Investigator software (Microbrightfield, Colchester, VT, USA). The
total areas of the neostriatum were defined in serial sections in which
counting frames were randomly sampled. The dissector counting
method was employed in which ubiquitin-positive aggregates were
counted in an unbiased selection of serial sections in a defined
volume of the neostriatum. Striatal neuron areas were analyzed by
microscopic videocapture using a Windows-based image analysis
system for area measurement (Optimas, Bioscan Incorporated,
Edmonds, WA, USA). The software automatically identifies and
measures profiles. Identified cell profiles were manually verified as
neurons and exported to Microsoft Excel. Cross-sectional areas were
analyzed using Statview.

Statistics

Data are expressed as the mean + standard error of the mean (SEM).
Rotarod and weight data were compared by analysis of variance
(ANovA). Survival data were analyzed by the Kaplan—Meier test.

Results

Oral administration of BN82451 in the diet resulted in
significant improvements in the survival of R6/2 mice
compared with the survival of mice fed unsupplemented diet
(Fig. 1a). The controls deteriorated at 57 days and the treated
mice at 72 days of age consistent with a delay in disease
onset. The mean survival increased from 92.6 + 3.5 days to
106.8 + 1.1 days with BN82451 (p < 0.001). Survival was
extended by 14 days (15.3%). The treated mice had
significantly better motor performance from 57 to 67 days
of age than mice fed unsupplemented diets (Fig. 1b). This
finding was replicated in another group of control and
BN82451-treated mice. The compound did not delay the
weight loss, as there were no differences in body weight
between the groups (data are not shown). Oral administration
of BN82451 attenuated the development of gross atrophy and
ventricular enlargement at 10 weeks of age (Fig. 2). At
90 days, striatal volumes: BN82451-treated R6/2 mice:
702 + 41 mm’; unsupplemented R6/2 mice: 576 + 63 mm’
0.76, p < 0.01. At 90 days, ventricular volumes: BN82451-
treated R6/2 mice: 212 + 27 mm’; unsupplemented R6/2
mice: 120 + 18 mm® 0.76, p < 0.01. Oral administration of
BN82451 also attenuated the development of neuronal
atrophy (Fig. 3). Measurements of striatal neuron area at
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Fig. 3 Nissl-stained tissue sections from the dorso-medial aspect of
the neostriatum at the level of the anterior commissure in a littermate
wild-type control mouse (a), a BN8541-treated R6/2 mouse (b), and an
untreated R6/2 mouse (c) at 10 weeks of age. There is marked
neuronal atrophy in the untreated R6/2 mouse, with relative preser-
vation of neuronal size in the BN8541-treated mouse, in comparison
with the littermate control. Scale bar (shown in a): 100 um.

114 £ 9.7 um?;
BN82451-treated R6/2 mice: 79.5 + 11.1 um?; unsupple-
mented R6/2 mice: 48.1 £ 17.2 um? p < 0.01. Lastly,

90 days: wild-type littermate control:
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administration of BN82451 significantly attenuated the
numbers of striatal ubiquitin positive inclusions (Fig. 4).
The number of aggregates at 90 days: BN82451-treated R6/2
mice: 1.16 + 0.43 x 10% unsupplemented R6/2 mice;
2.72 £ 0.76 x 10%, p < 0.01.

Discussion

The pathogenesis of neuronal degeneration in HD is an area
of intense investigation. It has been demonstrated that
huntingtin can directly bind to a number of transcription
factors. These include the CREB binding protein (CBP) as
well as Spl and several others (Steffan et al. 2000; Nucifora
et al. 2001; Dunah et al. 2002; Li et al. 2002). Overexpres-
sion of either CBP or Sp1 can rescue cultured cells from the
neurotoxicity of mutant huntingtin (Nucifora et al. 2001;

Fig. 4 Ubiquitinimmunostained tissue
sections from the neocortex (a and b) and
neostriatum (c and d) of untreated (a and c)
and BN8541-treated (b and d) R6/2 mice at
10 weeks of age. While there were reduced
numbers of ubiquitin-positive inclusions in
both the neocortex and neostriatum of
BN8541-treated mice, significance was only
present in the neostriatum. Scale bar
(shown in b): 100 pm.

Dunah et al. 2002). The precise mechanisms by which
impaired gene transcription lead to cell death in HD,
however, remain obscure. There is substantial evidence that
both excitotoxicity and oxidative damage contribute to
disease pathogenesis (Beal 1995). Transgenic mice with full
length huntingtin expressed in a YAC construct show
increased vulnerability to striatal excitotoxic lesions (Zeron
et al. 2002). A secondary consequence of excitotoxicity is
oxidative damage (Beal 1995). Expression of mutant hunt-
ingtin in neuronal and non-neuronal cells causes increased
reactive oxygen species which contributes to cell death
(Wyttenbach er al. 2002). A number of studies have
demonstrated that there is increased oxidative damage in
the R6/2 transgenic mouse model of HD. These mice show
increased immunostaining for 3-nitrotyrosine, a marker of
peroxynitrite-mediated oxidative damage (Tabrizi er al.
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2000). They also show increased and progressive lipid
peroxidation (Perez-Severiano ef al. 2000). We recently
examined concentrations of a marker of oxidative damage
to DNA, 8-hydroxy-2-deoxyguanosine (Bogdanov ef al.
2001). We found increased concentrations of 8-hydroxy-
2-deoxyguanosine in the wurine, plasma and striatal
microdialysates of R6/2 HD mice. There were increased
concentrations in isolated brain DNA at 12 and 14 weeks of
age, and increased immunostaining in late stages of the illness.

There is also evidence that inflammation may contribute to
disease pathogenesis in the R6/2 mice. Gene array studies
show that there is increased expression of genes associated
with inflammation at both 6 and 12 weeks of age in the R6/2
transgenic HD model (Luthi-Carter et al. 2000). There are
increased concentrations of interleukin-1f, a pro-inflamma-
tory cytokine (Ona et al. 1999). Inhibition of the interleukin-
1B converting enzyme by crossing transgenic mice with a
dominant-negative inhibitor of this enzyme into the R6/2
mice significantly extends survival (Ona et al. 1999). Lastly,
minocycline, which is known to inhibit microglial activation,
also shows neuroprotective effects in the R6/2 transgenic
mice (Chen et al. 2000). Microglial activation is a prominent
feature of the neuropathology of HD (Singhrao et al. 1999;
Sapp et al. 2001).

In the present study, we therefore studied the effects of a
novel compound which is an orally active brain permeable
anti-oxidant, that not only acts as an inhibitor of lipid
peroxidation but which also has potent anti-inflammatory
effects (Chabrier ef al. 2001). BN82451 has previously been
shown to exert neuroprotective effects in animal models in
which mitochondrial impairment was produced using mal-
onate or MPTP (Chabrier et al. 2001). These models are
associated with impaired ATP production as well as oxidative
damage. Activated microglia may contribute to neuronal
damage in these models, by secreting toxic substances,
including free radicals, prostaglandins, inflammatory cytok-
ines and proteolytic enzymes. BN82451 has both anti-
oxidant effects, as well as anti-inflammatory activities, and
blocking microglial activation and inhibiting cyclooxygenase
enzymes following MPTP and malonate administration.
In vitro BN82451 blocks lipid peroxidation of rat cerebral
cortex homogenates with an ICsy of ~0.3 pm and it inhibits
COX-1 and COX-2 with an ICsy of ~0.1 pm.

In the present experiments, we found that BN82451
produced significant improvements in survival and rotarod
performance in the R6/2 transgenic mouse model of HD.
Surprisingly, there were no effects on loss of body weight,
suggesting that delay of weight loss does not necessarily
accompany improved survival. It also significantly reduced
striatal atrophy, neuronal atrophy and numbers of neuronal
intranuclear inclusions. The improvement in survival of
15.3% is equivalent to the effects of co-enzyme Q10, and
minocycline, although slightly less than the effects of
creatine and cystamine (Chen ef al. 2000; Ferrante et al.
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2000; Dedeoglu et al. 2002; Ferrante et al. 2002). These
findings, therefore, provide further evidence that both
oxidative damage and inflammation may contribute to
disease pathogenesis. They raise the possibility that agents
which have anti-oxidative and anti-inflammatory activity
may be useful as therapies to slow or halt the progression of
neurodegeneration in HD. It is also possible that these agents
might be useful in combination with other agents such as
creatine, co-enzyme Q10, minocycline, and histone deacety-
lase inhibitors in producing additive therapeutic benefits for
the treatment of HD.
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